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Sucessful cell division is primarily controlled by temporal and spatial regulation of 
two critical events in the cell cycle: the faithful replication of chromosomes and the 
accurate segregation of the replicated chromosomes. Of all the cellular proteins 
involved in regulating these processes, the chromosomal passenger complex displays 
some of the most visually striking patterns of behaviours during mitosis.  
   
The chromosomal passenger proteins associate with chromosomes as cells prepare to 
segregate them during mitosis. Subsequently, when chromosomes are aligned on the 
spindle microtubules that do the mechanical work of segregation, the passenger 
proteins become concentrated in distinct foci between paired kinetochores—the 
protein-based structures on chromosomes where the microtubules attach. Then, as 
chromosomes start to segregate, the passenger proteins abruptly dissociate from the 
kinetochores and instead localize to the central spindle in the area midway between 
the separating chromosomes. This ultimately becomes the midbody during 
cytokinesis.  
 
The first protein found to display such dramatic changes in localization during 
nuclear division was named INCENP. Three further proteins—Aurora B, Survivin 
and Borealin were later found to show localization patterns similar to INCENP. 
Structural analyses revealed that these four proteins form a well conserved 
chromosomal passenger complex throughout mitosis, in which INCENP acts as a 
scaffold to recruit Survivin and Borealin to its N-terminus, while Aurora B associates 
with its C-terminus. The function of this complex parallels its dynamic localization. 
These include roles in spindle assembly, correcting erroneous kinetochore 
microtubule interactions that are inappropriate for chromosome alignment, signaling 
to the spindle checkpoint, and the completion of cytokinesis.  
 
Functional analysis of kinetochore proteins in vertebrates using DT40 cells has 
greatly improved our understanding of kinetochore assembly, kinetochore structure 
and functions in guiding cell division. Following the identification of chicken Aurora 
B, Borealin/Dasra B and Dasra A, we are now able to address the pleiotropic 
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functions of the conserved chromosomal passenger complex in DT40 cells using gene 
disruption. Gene disruption of INCENP using a novel promoter hijack technique in 
DT40 cells has demonstrated that accurate cell division requires coordination of 
spindle dynamics, chromosome segregation and cell cleavage and that INCENP 
integrates these diverse processes.  
 
Recent concentrated efforts on elucidating the precise contribution of each subunit in 
localizing the complex have provided great insights of how CPC executes its mitotic 
function. Here, through introducing a series of INCENP structural mutants into this 
sophisticated INCENP knockout system, my in vivo data presented here indicated that 
interaction between INCENP-Aurora B is essential for cell division. Remarkably, 
dissociation of Aurora B from INCENP does not disturb the other passengers 
targeting to the centromere, but Aurora B activity through binding and activation by 
INCENP plays a direct role in guiding the transfer of the complex to the spindle 
midzone. Furthermore, a feed-back loop involving phosphorylation of INCENP at its 
TSS motif by Aurora B is essential for cell viability, even though its disruption by 
mutation to TAA does not prevent the passengers eventually transfer to spindle 
midzone and midbody. Thus, this final step to maximize the activity of Aurora B is a 
critical function of INCENP. The outstanding question I have addressed in my study 
is why the passenger proteins are interdependent. More importantly, my work reveals 
that the intrinsic modulation within chromosomal passenger complex directed by the 
interactions between INCENP and Aurora B regulates the transfer of the complex to 
the spindle midzone and midbody. Thus, the results here with previous study suggest 
that regulation of the centromere and spindle midzone targeting of the complex 
involves two distinctly intrinsic mechanisms directed by two targeting sub-complexes 
within CPC, in which INCENP, Borealin and Survivin form the core sub-complex for 
centromere targeting, and Aurora B regulated by INCENP forms the sub-complex 









































1. THE CELL CYCLE 
1.1 Overview of the Cell Cycle 
 
Abnormalities in cell cycle regulation often result in genomic instability and a 
predisposition to genetic diseases, such as cancer (reviewed in Hanahan & Weinberg 
et al.2000). A number of genetic diseases are characterized by a loss of cellular 
growth control, and are frequently considered to be diseases of the cell cycle. 
Therefore to understand the links between cell cycle progression and genetic disease, 
we must first understand the molecular machinery that drives cell cycle progression.  
 
The active cell cycle is generally divided into four phases, known as 
G1/S/G2/M (Fig. 1-1). G1 phase is characterized by growth and preparation for 
chromosomal DNA replication. S phase is the period during which the cell undergoes 
chromosomal DNA synthesis. G2 is the gap phase that prepares for M phase 
(Mitosis). In addition, mitosis is further divided into various phases (see below). 
Quiescent cells enter G0 phase and it can re-enter the active cell cycle upon 
appropriate stimulation.  
 
When a cell is in any phase of the cell cycle other than mitosis, it is often said to 
be in interphase. Each phase is defined by which form of the Cyclin-Cdk complex is 
present and active. Moreover, between every two phases, there is cell cycle check-
point machinery for interrupting cell cycle progression if something goes wrong 
(reviewed in Hanahan & Weinberg et al.2000). Importantly, the mitotic cyclins are 
destroyed by ubiquitin-mediated proteolysis (Glotzer et al.1991; Hershko et al.1991), 
which ensures the progression and the directionality of cell cycle. 
 
 5
                     
 
Figure 1-1: Phases and Checkpoints of the Cell Cycle 
 
Cells commit to division following numerous stimulations, such as growth 
factors and hormones. These ligands are bound by receptors present on the surface. 
As a result of stimulation, cells enter G1 phase with an accumulated concentration of 
Cyclin D and Cyclin E. G1 phase progression is mediated by the successive activity 
of the Cyclin D1/Cdk4, 6 and CyclinE/Cdk2 complexes (reviewed in Morgan et al. 
1995; Reed et al.1997; Endicott et al. 1999; Ekholm et al.2000). In early G1 phase, 
Cyclin D1 forms a complex with Cdk4,6 leading to the phosphorylation of Rb and its 
family members,p107 and p130, this event initially leads to partially remove the 
inhibitory effects of pRb to E2F transcription factors which play a critical role in 
activating genes for DNA replication during S phase (Reed et al.1997; Hurford et al. 
1997; Grana et al.1998; Ekholm et al.2000)  
 
       During the G1/S transition, having begun to the phosporylation of pRb, 
concentration of Cyclin D (D1/D2/D3) increase throughout G1 until they reach a peak 
before S phase (Quelle et al. 1993;Hunter et al. 1994; Resnitzky et al.1994; Fantl et 
al.1995; DelSal et al. 1996; reviewed in Ekholm et al.2000). Subsequently, 
Cdk2/CyclinE complexes are responsible for finishing the inactivation of Rb, thus 
leading to the release of E2F transcription factors (reviewed in Keyomarsi et al.1997). 
The step is thought to be necessary for initiation of chromosomal DNA synthesis, the 
hallmark of S phase entry (Hanahan & Weinberg et al.2000). Once the cell enters S 
phase, Cyclin E will degrade rapidly and Cyclin A will replace Cyclin E's role in 
activation of Cdk2. The level of Cyclin A increase gradually during the latter stage of 
G1.The formation of Cyclin A-Cdk2 complex has an important role in both the 
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initiation and maintenance of DNA synthesis at chromatids (reviewed in Sherr et 
al.1996;Bartek  et al. 1997; Sherr et al.1999). 
 
      Upon the completion of the S phase, the G2 phase provides a break between the 
fundamental procedures of DNA synthesis and prepare for mitotic division. In the G2 
phase, the cell can ensure that DNA replication is both complete and accurate 
(reviewed in Weinberg et al. 1995; Sherr et al.1996). At the beginning of mitosis, B-
type Cyclins replace Cyclin A gradually and eventually bind to Cdk1, thus leading to 
its activation. Cdk1 activation may cause the phosphorylation of proteins in the 
nucleus, such as nuclear lamins and vimentin. Phosphorylation of Cdk1 (Morgan et 
al. 1995) initiates the event of prophase which is recognized as the first step of 
mitosis. Prometa/Metaphase, anaphase, and telophase are the sequences of events 
until the completion of mitosis (Weinberg et al. 1995; Sherr et al.1996; see below).  
        
The G2-M transition corresponds to one of the most dramatic morphological and 
physiological changes that take place in the cell, as it involves the reorganisation of 


























1.2.1 Regulation of Mitosis 
 
Mitosis was first described in 1882 using basic light microscopy (Flemming, 1882), 
and since then the study of this event has evolved into an extremely important area of 
scientific research. The eukaryotic mitosis is subdivided into six phases: prophase, 

















Figure 1-2. Introduction to the Mitotic Phases  
Schematic representation of the various phases of mitosis. DNA/chromosomes are in 
blue, microtubules in green, kinetochores/centromeres in red, and centrosomes in 
orange. 
 
In prophase, the replicated chromatin start a process called condensation (see also 
Centromeres and Kinetochores below), and the nucleoli disassemble inside the intact 
nucleus. Chromatin ultimately condenses into distinct paired chromatids, called sister 
chromatids. Meanwhile, the major microtubules organizing center, centrosome, which 
was also duplicated in S phase (see below). The replicated centrosomes start moving 
apart to the opposite side of the cell.  
Anaphase A Anaphase B 
Prophase Prometaphase Metaphase 
Cytokinesis Telophase 
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In the cytoplasm, the extensive microtubule network changes into two radial arrays of 
short microtubules surrounding each centrosome. Each of these arrays is called an 
aster, and will eventually form one pole of the mitotic spindle. The two asters migrate 
apart over the surface of the nucleus and finally lead to the nuclear envelope 
breakdown (NEB).  
 
The beginning of NEB defines the start of prometaphase, The condensed sister 
chromatids are now exposed to the cytoplasm where the apparatus of mitotic spindle 
(see below) has begun to form. The microtubules emanating from the two spindle 
poles, formed by the separated centrosomes, attach to a highly specialized structure 
on each sister chromatid, called the kinetochores (reviewed in Chesseman and Desai. 
et al.2008). Attachment of each sister kinetochore to microtubules from opposing 
spindle poles ultimately leads to the alignment of all of the chromosomes in the 
middle of the spindle, defining the metaphase plate and metaphase itself. One of the 
most studied checkpoints happens in metaphase. The metaphase or spindle-assembly 
checkpoint (SAC) (also known as the mitotic checkpoint, see above) ensures that all 
chromosomes are properly oriented and the cell is ready to progress into anaphase 
(reviewed in Musacchio and Hardwick et al. 2002). 
 
In anaphase, the sister chromatids physically separate (Fig.1-2), and move towards 
opposite spindle poles (anaphase A).  The spindle then starts to elongate and the poles 
move apart (anaphase B). In telophase, the nuclear envelope re-forms around the two 
masses of separated sister chromatids, and the cleavage furrow starts constricting the 
plasma membrane between the two nuclei, pinching the cell into two. In cytokinesis, 
the mitotic cell is finally divided into two daughter cells. The contraction of the 
cleavage furrow reduces the cytoplasm between the two daughter cells to a thin 
intercellular bridge, containing a dense array of microtubules, designated the 








1.2.2   Centromeres and Kinetochores 
 
As the cell cycle progresses into prophase, chromosomal DNA starts to condense, a 
process known as condensation, and forms mitotic chromosomes which consist of 
two sister chromatids held tightly together as pairs by a well-known multiprotein 
complex called cohesin (for review see Ulhmann et al. 2004). 
 
The constricted region of the mitotic chromosomes where sister chromatids are 
held together before anaphase is defined as the centromere (Fig.1-3). The centromere 
is an essential chromosomal component required for the accurate segregation of 
replicated chromosomes during mitosis and meiosis in eukaryotes (Cleveland et al. 
2003; Chesseman and Desai. et al.2008).  The biological function of the centromere is 
best known for functioning at the level of sister chromatid cohesion and separation, 
microtubule attachment, chromosome movement, establishment of heterochromatin, 
and the spindle assembly checkpoint (Biggins and Walczak et al. 2003). 












Figure 1-3. Kinetochores Structure 
A: Schematic representation of the centromere and kinetochore structure. B and C: 
electron microscopy images of the kinetochore layers in a chromosome attached to 
microtubules (B), and in an unattached chromosome (C). Adapted from Cell Biology, 
Pollard and Earnshaw. 
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In vertebrates, the centromeric region of the chromosome is composed of highly 
repeated satellite DNA sequences in the mega-base range (reviewed by Tyler-Smith 
and Floridia et al. 2000 and references therein).  A complex macromolecular 
assembly of centromeric proteins, known as kinetochore, lies on its surface (Fig.1-4). 
Examination of centromeric DNAs of many species revealed that the primary DNA 
sequences are not conserved. The kinetochore is a proteinacious structure consisting 
of two layers discernible by electron microscopy: the inner plate and the outer 
domain (Rieder and Salmon, 1998, Fig.1-4). Proteins that reside in the inner plate 
constitutively associate with the centromeric DNA (Earnshaw and Rothfield, 1985). 
The proteins associated with the inner centromere and/or centromeric 
heterochromatin are required for sister chromatid pairing, centromere structural 
support, microtubule attachment and correction of attachment errors. 
 
Each human kinetochore captures about 20 microtubules, which become embedded 
in the outer plate (reviewed in Cleveland et al. 2003). In kinetochores free of 
microtubules, a fourth layer can be observed, termed the fibrous corona. Here, I will 
refer to the centromere as the region of chromosomal DNA that directs kinetochore 
assembly and to the kinetochore as the proteinaceous structure that associates with 
this DNA. During chromosome segregation, the kinetochores provide a location for 
the attachment of spindle microtubules that allows generation of the force required for 
chromosome movement. They serve as signaling centers where the spindle assembly 
checkpoint monitors and responds to microtubule misattachment and abnormal 
kinetochore tension.  The checkpoint prevents the onset of chromosome segregation 
until all errors are corrected and chromosomes are properly aligned (Rieder and 
Salmon et al. 1998; Shah and Cleveland et al. 2000).  
 
The first centromere proteins were identified using sera from patients with an 
autoimmune disorder known by the acronym CREST (Calcinosis, Raynauds 
phenomenon, Esophegeal dysmotility, Sclerodactyly, Telangiectasia). These auto-
antibodies, known as anticentromere autoantibodies or ACA, react with the inner 
kinetochore region and recognize three constitutive centromere proteins: CENP-A, 
CENP-B, and CENP-C (Earnshaw and Rothfield, 1985). Among these, CENP-A is a 
well-conserved variant of histone H3 (Palmer et al.1991). CENP-A is widely cited as 
a potential epigenetic marker of the centromere. The function of CENP-A in 
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molecular assembly and organization of centromeric chromatin and in centromere 
function have become a central issue for understanding the identity of this essential 
and enigmatic chromosomal structure (Sullivan et al. 2001; Mellone et al.2003; 
Cleveland et al.2003). CENP-B is a specific binding protein for satellite DNA 
sequences (Masumoto et al. 1989). Surprisingly, mice that lack CENP-B have no 
significant difficulties with chromosome segregation and remain viable (Hudson et al. 
2000). Conversely, both CENP-A and CENP-C are essential for chromosome 
segregation (for review see Cheeseman and Desai et al. 2008 and references therein). 
Later on, a wide range of studies, including mass-spectrometry-based proteomics has 
greatly accelerated the elucidation of kinetochore composition in model organisms 
and vertebrates (Fig.1-4). Genetic knockouts of other centromeres and kinetochores 
proteins, such as CENP-H/I/Mis12 also reveal that they are essential for cell division 
and viability (Nishihashi et al.2002; Fukagawa et al. 2001; Okada et al.2006; 
reviewed in Cheeseman and Desai et al.2008 and references therein).  
 
Figure 1-4. Centromere and Kinetochore Proteins 
List of proteins that associate with the various kinetochore zones, and their main 
functions in mitosis. Over 80 proteins have been reported to licalise to the centromere 
and kinetochore.  Adapted from Maiato et al. 2004. 
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In addition to proteins associated with centromeres throughout the cell cycle, 
many other centromere proteins localize transiently to the centromere only during  
mitosis (Sullivan et al. 2001; Cheeseman and Desai et al. 2008). The proteins such as 
the Mad and Bub family members, which are involved in the spindle assembly 
checkpoint, localize to kinetochores until chromosomes exhibit a bipolar attachment 
to the mitotic spindle (Lew and Burke et al. 2003). The chromosomal passenger 
proteins INCENP, Aurora-B, Borealin and Survivin (see below) accumulate in the 
inner centromere from prophase to metaphase, before transferring to the spindle 
midzone at anaphase (Cooke et al., 1987; Earnshaw and Bernat 1990; Adams et al., 
2000; Adams et al., 2001; Carmena and Earnshaw et al. 2003; Vagnarelli and 
Earnshaw et al. 2004; Ruchaud et al., 2007). CENP-E, a member of the kinesin 
superfamily, which localizes to the kinetochore outer plate and the fibrous corona, is 
involved in chromosome congression to the spindle equator and spindle checkpoint 
signaling (Yen et al. 1998; Yao et al. 2000, for review see Cheeseman and Desai et al. 
2008 and references therein). 
 
1.2.3 The Regulation of Mitotic Spindle 
Dynamics 
 
Successful chromosome segregation is largely dependent on accurate 
interactions between microtubules and the kinetochore, and the subsequent formation 
of a proper mitotic spindle. The mitotic spindle is defined as a bipolar, microtubule-
based structure required for the assembly and coordination of chromosome 
segregation during mitosis (review in Desai and Mitchison et al. 1997) (Fig.1-5.). 
Mitotic spindle dynamics during mitosis involve two essential processes: the spindle 
assembly during metaphase and spindle elongation in anaphase B.  
 
Throughout the cycle in most dividing cells, microtubules are nucleated from 
the microtubule-organizing centre which is also called the centrosome. The 
centrosome is composed of two centrioles surrounded by a protein lattice of peri-
centriolar material (PCM). Centrioles function to assemble the PCM and to anchor 
some microtubules, but the nucleation of microtubues starts from within the PCM.  
This involves the γ-tubulin ring complexes acting as nucleation templates (for 
reviews, see Nigg et al. 2002, Blagden and Glover et al. 2003 and references therein). 
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In G1 phase, each daughter cell inherits one centrosome with two centrioles from the 
last M-phase. These centrioles separate from one another at the beginning of S phase 
and are duplicated during S phase in parallel with DNA duplication. This gives rise to 
two centrosomes that mature, migrate apart during G2, and nucleate microtubules that 
are going to form the bipolar mitotic spindle in M phase. At the entry of mitosis, the 
cell has therefore, two centrosomes. Just as for chromosome duplication, the 
duplication of the centrosomes is of extreme importance for genomic stability. 
Centrosomes direct and initiate the formation of a bipolar spindle in most somatic 
animal cells, and they determine the positioning of the contractile ring during 
cytokinesis. Extra copies of centrosomes frequently result in the formation of 
multipolar spindles, and failure of centrosomes to separate results in monopolar asters 
and mitotic failure. 
 
Aberrations in the duplication or function of centrosomes therefore almost 
inevitably cause chromosome missegregation. Thus, the duplication and segregation 
cycles of centrosomes and chromosomes need to be coordinated to avoid 
chromosome missegregation or ploidy changes (review in Nigg et al. 2002). 
 
Microtubules are nucleated from the centrosomes with a highly dynamic and 
uniform polarity- having their plus ends radiating outward and their minus ends 
directed towards the centrosomes (Desai and Mitchison et al. 1997; Sharp et al. 2000; 
Wittmann et al. 2001; Cleveland et al. 2003). 
     
Figure 1-5. Schematic Representation of the Bipolar Spindle during 
Metaphase 
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Centrosomes and centrioles in orange, microtubules in green, kinetochores in red, 
chromosomes in blue. +/- indicate the +/- ends of the microtubules. 1- astral 
microtubules/Astral MT, 2- kinetochore microtubules/K-MT, 3- interpolar 
microtubules/Interpolar MT  
 
The microtubules of the mitotic spindle are generally classified into three 
distinctive groups: astral, interpolar and kinetochore microtubules (review in 
Wittmann et al. 2001; Cleveland et al. 2003; Fig.1-5). Astral microtubules radiate 
away from the centrosomes into the cytoplasm, towards the cell cortex. They are 
considered to assist the spindle pole separation and the orientation and positioning of 
the mitotic spindle. 
 
Interpolar microtubules originate from opposite spindle poles toward the cell 
equator to form anti-parallel arrays in the overlapping region of the central spindle, 
and are thought to stabilise the bipolarity of the spindle and participate in the 
movement that separates the spindle poles during spindle elongation (Kline-Smith 
and Walczak, 2004). Kinetochore microtubules typically emanate from the 
centrosome towards the cell centre to interact with the kinetochores at the surface of 
the sister chromatids. These microtubules are captured by kinetochores, which use 
them to congress to the metaphase plate and also to generate mitotic spindle force to 
move polewards in anaphase. These chromosome movements rely therefore on the 
correct interactions between kinetochore microtubules and kinetochores (for reviews, 
see Wittmann et al., 2001; Kline-Smith and Walczak, 2004).  
 
In the process of kinetochore and microtubule attachment, when one kinetochore 
on a chromosome captures microtubules from one spindle pole, the chromosome thus 
becomes mono-oriented, and is referred to as monotelicaly attached. When its sister 
kinetochores both capture microtubules from the opposite pole, the now bi-oriented or 
amphitelicaly attached chromosome moves to the spindle equator (also called the 
metaphase plate). However, errors in kinetochores microtubules attachment can 
occur.  
 
Two types of misattachments can happen: syntelic and merotelic attachments 
(Fig.1-6). Chromosomes in which both kinetochores are attached to microtubules 
from the same spindle pole are said to be syntelicaly attached. When the same 
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kinetochore is attached to microtubules from both poles, it is said to be merotelicaly 
attached.  
 
Figure 1-6. Schematic representation of the various types of attachment 
between kinetochores and microtubules  
Each chromosome is represented by two light blue sister chromatids, two red 
kinetochores. Microtubules are in green, centrosomes are in yellow.  
 
Mitotic cells possess a surveillance mechanism, called the spindle checkpoint 
(SAC) to monitor these errors, enabling them to be corrected. Unattached or 
syntelicaly attached kinetochores activate the spindle assembly checkpoint, which 
delays anaphase until the attachment become normal. One single unattached 
chromosome is sufficient to activate the spindle assembly checkpoint by producing a 
“wait anaphase” signal that emanates from the kinetochore (Rieder et al., 1995). 
Many proteins are involved in the functioning of the spindle assembly checkpoint 
machinery: the sensors that monitor defects, the signal transducers, and the targets or 
effectors. The sensor mechanisms have only recently started to be established, and 
appear to be principally mediated by Aurora B (reviewed in Musacchio and Hardwick 
et al. 2002). Merotelic attachments are thought not to be detected by the spindle 
assembly checkpoint, as the kinetochores are attached, albeit incorrectly, and are 
under tension (Cimini et al. 2001). Nevertheless, this kind of error normally appears 
to be corrected during mitosis (Cimini et al. 2003). One key factor of this error 
correction is also thought to be regulated by Aurora B, and the chromosomal 
passenger complex (see below). 
 
Once the errors are corrected, chromosome segregation will occur (metaphase- 
anaphase transition) and spindle poles will move apart and elongate, thus allowing the 
accurate partitioning of the genetic material to occur. 
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1.3 The Chromosomal Passengers Proteins are 
Essential Regulators of Mitosis 
 
Cell division is primarily controlled by regulating the timing of two critical 
events in the cell cycle: the faithful replication of chromosomes and the accurate 
segregation of replicated chromosomes. The completion of nuclear chromosome 
replication is subsequently followed by the initiation of mitosis. The success of 
mitosis depends to a large degree on the integration of chromosomal and cytoskeletal 
behaviors controlled by different cellular proteins at the appropriate time of the cell 
cycle.  Of all the cellular proteins, chromosomal passengers display some of the most 
visually striking patterns of behaviors during mitosis (Earnshaw and Bernat, 1990). 
 
The chromosomal passenger proteins associate with chromosomes as cells 
prepare to segregate them during mitosis (Earnshaw and Bernat, 1990; Adams et al. 
2001). Subsequently, when chromosomes are aligned on the spindle microtubules that 
do the mechanical work of segregation, the passenger proteins become concentrated 
in distinct foci between paired kinetochores—the protein-based structures on 
chromosomes where the microtubules attach. Then, as chromosomes segregate, the 
passengers abruptly dissociate from the inner centromere and instead localize to the 
central spindle in the area midway between the separating chromosomes. This 
ultimately becomes the midbody during cytokinesis (Cooke et al. 1987; Adams et al. 




Figure 1-7. Dynamic Localization of Chromosomal Passengers during 
Mitosis 
Staining of GgINCENP antibody in chicken DT40 wildtype cells. GgINCENP is a 
typical chromosomal passenger in chicken cells. It localizes on the centromeres 
during prometaphase/metaphase, the spindle midzone and the equatorial cell cortex 
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during anaphase/telophase, and the midbody during cytokinesis. In these images, 




The first protein found to display such dramatic changes in localization during 
nuclear division was named INCENP, for ‘INner CENtromere Protein, the 
centromere being the DNA sequence onto which the kinetochore assembles (Cooke et 
al. 1987). It was first identified through a screen of monoclonal antibodies that were 
raised against chromosome scaffold-associated proteins fractionated from chicken 
cell extracts (Cooke et al. 1987). Immunofluorescence studies with INCENP 
antibodies revealed the dynamic translocation of INCENP from centromeres of 
prophase-prometaphase-metaphase chromosomes to the central spindle microtubules 
at anaphase, and its final concentration in the midbody during cytokinesis. The initial 
studies of INCENP revealed that chicken has two INCENP isoforms—INCENP Class 
1 with 96 kDa, and INCENP Class 2 with 101 kDa. The most likely explanation of 
these results is that the two classes of INCENP mRNA are derived by alternative 
splicing of a primary transcript from a single gene (Mckay et al. 1993). Since then, 
INCENP homologues have been identified in all eukaryotes from yeast to human 
(Table 1).  
 
Studies of INCENP across different species reveals that INCENP comprises 
several functional modules (also see INCENP KO results section). The highly 
conserved C-terminus signature region was termed the IN-box (Adams et al., 2000). 
This mediates the interaction with Aurora B (Adams et al. 2000) and activates  
Aurora B (Bishop and Schumacher et al. 2002; Honda et al. 2003).  The N-terminus 
region of the INCENP binds Survivin and Borealin (see below) and is essential for 
centromere targeting of the chromosomal passenger complex (see below). The coiled-
coil domain seems to be dispensable for localization of INCENP during mitosis and 
might be required for this protein to associate with and bundle cytoplasmic 
microtubules (Mackay et al. 1993). 
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Table 1. Chromosomal Passenger Proteins in different Species  
Adapted from Ruchaud et al. 2007 
 
       Expression of various INCENP truncation constructs in tissue culture cells 
delineated specific domains of INCENP that are required for its association with 
microtubules, chromosomes, centromeres, and the central spindle (Mackay et 
al.1998).  
 
Subsequent characterization of an INCENP knockout mouse revealed that 
INCENP is essential for mouse development (Cutts et al.1999). Homozygous-null 
embryos die at the 32–64-cell stage, showing defects affecting cytokinesis and 
abnormal bundling of microtubules. 
 
Although the very early embryonic lethality of INCENP null mice limited further 
phenotypic analysis of the different stages of mitosis, this study confirmed the 
previous demonstration of Mackay et al. (1998) that a chromosomal passenger is 
essential for cytokinesis and chromosome congression (Cutts et al.1999). Similar 
mitotic phenotypes were subsequently observed in RNAi depletion of INCENP in C. 
elegans and Drosophila (Kaitna et al., 2000; Adams et al., 2001). These results are 
consistent with the evolutionarily conserved dynamic localization pattern of INCENP 
during mitosis (Mackay et al. 1998; Ainsztein et al.1998). 
  
Apart from interacting with other passengers-Aurora B/Survivin/Borealin (see 
below for details) to direct different mitotic regulations, INCENP/Sli15 may bind 
microtubules in vitro (Wheatley et al.2001;Kang et al.2001), in addition, INCENP 
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may also bind HP1-alpha suggesting INCENP is involved in Heterochromatin 
formation(Ainsztein et al. 1998). However, the significance of this interaction still 
requires further investigation. 
 
In budding yeast, the central microtubule-binding region-aa227 to aa558 (Sli15227-
558) of INCENP/Sli15 showed strong direct interaction with the conserved 
phosphatase CDC14 in a yeast two-hybrid assay, and INCENP/Sli15 is 
dephosphorylated by Cdc14 in vivo (Pereira and Schiebel et al. 2003). This study 
proposed one aspect of how the chromosomal passenger complex or at least the 
subcomplex, INCENP-Aurora B/Sli15-Ipl1 is targetted to the spindle midzone by this 
phosphatase--during the metaphase-anaphase transition in yeast. Activated separase 
partially releases the Cdc14 from the nucleolus (Stegmeier et al. 2002, Sullivan et 
al.2003). Cdc14 subsequently removes inhibitory phosphates within the microtubule-
binding domain of Sli15. This step is essential and sufficient to target the Sli15-Ipl1 
kinase complex to anaphase spindles (Pereira and Schiebel et al. 2003). Strikingly, 
the studies also suggested that INCENP is involved in the regulation of chromosome 
cohesion during mitosis. 
 
In addition, INCENP also plays an important role in sister chromatid cohesion in 
meiosis. Studies from our lab using Drosophila found that mutations affecting 
INCENP profoundly affected chromosome segregation in both meiosis I and II.  This 
was due, at least in part, to premature sister chromatid separation in meiosis I.  
INCENP binds Mei-S332, a member of the Shugoshin family of cohesion protector 
proteins, and a Mei-S332 mutant that was poorly phosphorylated by Aurora B was 
defective in accumulation at mitotic centromeres. These results implicated the 
INCENP-containing chromosomal passenger protein complex in regulating Mei-S332 
localization and, therefore, control of sister chromatid cohesion in meiosis (Resnick et 
al. 2006).  
 
1.3.2 Aurora B 
 
Two further proteins, termed Aurora B and Survivin (see below), were later found 
to show localization patterns similar to INCENP. In an attempt to search for genes 
that regulate the structure and function of the mitotic spindle in Saccharomyces 
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cerevisiae, a protein kinase termed IpI1 (Increase in ploidy) was identified (Chan and 
Botstein. 1983; reviewed in Carmena et al. 2003). Subsequent elegant studies in 
Drosophila melanogaster gave this important kinase family a well accepted new 
name, Aurora (Glover et al, 1995, now the protein in the initial study is known as 
Aurora A).  Aurora B is a member of a conserved serine/threonine kinase family. 
Mammals have three Aurora family members, now referred to as Aurora A, B and C 
(Adams et al 2001; Nigg et al. 2001).   Drosophila, frog, and C. elegans and chicken 
(in this thesis, I will further describe the study of Gallus gallus Aurora B that I 
discovered) have two known Aurora family members (corresponding to Aurora A and 
B), and yeast have one (named ARK1 in fission yeast and Ipl1 in budding yeast).  
   
 Functional studies have revealed that Aurora kinases functions span from G2 
through to cytokinesis, encompassing key cell-cycle events such as centrosome 
duplication, chromosome bi-orientation and segregation, checkpoint and kinetochore-
microtubules attachment, cleavage-furrow positioning and ingression (reviewed in 
Carmena et al. 2003 and Ruchaud et al. 2007). The three Aurora kinases have a high 
homology in their kinase domain, yet distinct celluar localization and functions. 
Aurora A localizes to centrosomes during mitosis, and has an important function in 
regulating centrosome duplication (Giet et al. 2002), and spindle assembly (Tsai et al. 
2003). One study also demonstrated that Aurora A shares the same substrate—CENP-
A at its serine 7 with Aurora B during mitosis (Kunitoku et al. 2003; see below). 
Aurora B is a chromosomal passenger (see below).  Aurora C was first identified and 
specifically localized in centrosomes of testis (Kimura et al.1999), however, a later 
study found that human Aurora C was also expressed in different human tissues and 
cancer cell lines. Its localization showed Aurora C also to be a chromosomal 
passenger involved in cytokinesis (Li et al. 2004; Yan et al. 2005). The functions of 
Aurora C in non-meiotic cells, if any, remain controversial.   
 
Aurora B is the enzymatic core of the chromosomal passenger complex (see 
below). Studies of Aurora B’s dynamic localization in living mammalian cells 
revealed a dynamic exchange of the kinase between a centromeric and a cytoplasmic 
pool before anaphase onset, and a decrease of its mobility when it transfers to the 
spindle midzone during anaphase (reviewed in Carmena and Earnshaw et al 2003 and 
Ruchaud et al. 2007 and references therein). The cytoplasmic Aurora B pool appeared 
 21
to be preferentially transported along astral microtubules to the cell cortex. It was 
proposed that Aurora B is involved in cytokinesis signaling via two mechanisms: one 
involving cytoplasmic Aurora B and astral microtubules and the other centromeric 
Aurora B and midzone microtubules (Murata-Hori and Wang et al. 2002b). 
 
   Aurora-B expression and activity in proliferating cells are cell-cycle regulated: 
expression peaks at the G2–M transition, and kinase activity is maximal during 
mitosis (Bischoff et al. 1998). A growing list of important mitotic regulators is found 
to be regulated by Aurora B, highlighting the essential roles of Aurora B in regulating 
different mitosis processes. (reviewed in Carmena et al. 2003 ,Vagnelli et al. 2004 
and Ruchaud et al. 2007). At the start of mitosis—prophase (also see below for the 
interaction between Aurora B and other chromosomal passengers, here I will 
introduce Aurora B’s function as a single protein), Aurora A was suggested to be 
required to phosphorylate CENP-A at serine 7, and this phosphorylation was 
suggested to be required for the Aurora-B concentrating at the inner centromere. 
Subsequently, the concentration of Aurora-B at the inner centromere during prophase 
appears to be important for Aurora-B to maintain CENP-A phosphorylation after late 
prophase when nuclear membrane starting to break down (Kunitoku et al. 2003). 
However, how exactly the mechanism of the phosphorylation of CENP-A by Aurora 
A which locates in centrosome happens still requires further investigation. 
 
Later on, when sister chromatids are condensed, and microtubules start to attach 
to the kinetochores (see above for a discussion of kinetochore-microtubule 
attachment) and proceeding to metaphase and anaphase, Aurora B is believed to be 
required for monitoring the chromosome bi-oreintation, and spindle checkpoint (see 
above).  Yeast Aurora B, Ipl1 has been proposed to be able to recognize syntelic 
attachments of sister chromatids and correct them to amphitelic kinetochore 
attachment (Tanaka et al. 2000).  
 
Consistent with this, in higher eukaryotes, chromosome congression shows severe 
defects when Aurora B function is disrupted by RNAi (Adams et al. 2001), 
microinjection of function-blocking antibodies (Kallio et al. 2002) or treatment with 
small-molecular inhibitors- ZM447439 or hesperadin (Ditchfield et al. 2003; Hauf et 
al 2003). Furthermore, Aurora B kinase activity was shown to be important for 
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correct localization of dynein and CENP-E in the outer plate of kinetochores (Murata-
Hori et al.2002). These motor proteins are involved in kinetochore-microtubule 
interactions and the spindle assembly checkpoint. In budding yeast, several 
kinetochore proteins have been shown to be the substrates of Aurora B-the essential 
kinetochore protein Ndc10 (Biggins et al. 1999), sli15(yeast homologue of INCENP) 
(Kang et al. 1999), the Dam1 complex (Cheeseman et al. 2002) and the KMN 
network (in particular the Ndc80/Hec1 complex) proteins (Cheeseman et al. 2007).  
These results demonstrate the importance of Aurora B to maintain proper kinetochore 
function in mitosis. 
 
Aurora B has also shown to be essential for the late stage of mitosis in different 
systems (Terada et al. 1998; Severson et al. 2000; Adams et al. 2001b; Giet and 
Glover. 2001 and reviewed in Carmena et al. 2003). During anaphase, transfer of the 
active Aurora B to central spindle is required for the correct localization of kinesin-
like proteins MKLP1, ZEN4 and CHO1. The correct tarteting of these kinesin like 
ptoteins are required for the establishment of central spindle (Giet et al. 2001, Kaitna 
et al. 2000; Severson et al.2000; reviewed in Ruchaud et al. 2007). As the cells 
progress into telophase, Aurora B is required for the formation of the cleavage furrow 
by phosphorylating key elements such as myosin II regulatory light chain, vimentin, 
desmin, and glial fibrillary acidic protein/GFAP(Murata-Hori et al. 2000, Goto et al. 
2003, Kawajiri et al. 2003, Yasui et al. 2004). Failure of this modification by    
Aurora B would fail in cytokinesis and lead to multinucleation (Murata-Hori et al. 
2000, Goto et al. 2003, Kawajiri et al. 2003, Yasui et al., 2004). In cytokinesis, 
Aurora B also phosphorylates MgcRacGAP at Serine 347 at midbody，which 
converts it to GTPase-activating protein(GAP) for Rho1.  This modification is 
reported to be essential for the completion of cytokinesis and suggest that the cycling 
between RhoA-GDP and RhoA-GTP, by the oppposite action of phosphorylated 
MgcRacGAP and ECT2, is required for normal cytokinesis (Jantsch-Plunger, V. et 






Later, a third chromosomal passenger, Survivin, was described in yeasts, C. 
elegans and human. Survivin was originally described as a member of the inhibitor of 
apoptosis protein family (IAP family; Ambrosini et al., 1997). This small protein of 
16.5 kDa has characteristics that make it however unique among the other IAP 
proteins. It crystalises as a dimer; Verdecia et al., 2000; Chantalat et al., 2000; 
Muchmore et al., 2000), it has a single BIR domain and no RING or CARD domains 
and its expression may be cell-cycle regulated, peaking in mitosis (Li et al. 1998). 
Like the other members of the IAP family, Survivin has been described as being able 
to inhibit apoptosis. The BIR domain is a Zn+-finger motif thought to have a role in 
protein-protein interactions.  The existence of this domain was originally thought to 
imply that Survivin has the responsibility for the regulation of apoptosis.  
 
The mechanism through which Survivin inhibits apoptosis requires further 
investigation.  Direct inhibition of caspase-3/7/9 was reported previously (Tamm et 
al., 1998; Li et al., 1999; O’Connor et al., 2000), however this remains highly 
controversial.  The involvement of Survivin in caspase-independent cell death 
pathways was also reported in a neuroblastoma cell line (Shankar et al. 2001). It has 
also been proposed that Survivin may indirectly inhibit the capase cascade via direct 
interaction with Smac/Diablo (Song et al..2003). Smac/Diablo is a mitochondrial 
protein that is released into the cytosol in response to some apoptotic stimuli, where it 
promotes caspase activation by binding and neutralising other IAP family member, 
such as XIAP, c-IAP1 and c-IAP2 (Du et al., 2000; Verhagen et al., 2000; Ekert et al., 
2001). The proposed model considers that Survivin binds Smac/Diablo when this is 
released from mitochondria, reducing its activity towards the other IAP proteins, 
leaving them free to directly interact with caspases and block cell death. In support of 
this model, the Survivin mutant Asp53Ala was reported to fail to interact with 
Smac/Diablo, and abolishes the anti-apoptotic activity of Survivin (Song et al., 2004). 
 
In contrast with the above controversial results, the phenotypic analysis of 
Survivin-null mouse embryos, and the pattern of Survivin staining in mitotic cells, is 
consistent with a role as a chromosomal passenger protein that functions during 
mitosis (Uren et al. 2000; Wheatley et al. 2001).  In addition, deletion studies in C. 
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elegans, S. cerevisiae and S. pombe and depletion of Survivin in human cells also 
revealed that Survivin plays crucial roles throughout mitosis (Fraser et al. 1999; 
Speliotes et al. 2000; Yoon and Carbon et al. 1999; Carvalho et al. 2003; Lens et al., 
2003).  These results contradicted previous claims that Survivin was mainly involved 
in apoptotic pathways (Li et al.1998). In my thesis, I am drawing most of my 
attention to the role of Survivin in mitosis instead of apoptosis. 
 
Survivin localization during mitosis confirms that Survivin is clearly a 
chromosomal passenger (Fraser et al.1999; Wheatley et al.2001; Carvalho et al. 2003; 
Yue and Carvalho et al.2008). At the beginning of mitosis, Survivin transiently 
interact with Crm1 (export receptor chromosome region maintenance) through its 
leucine rich nuclear export signals (NESs) region, and this interaction seems to be 
involved in guiding the CPC to the centromeres in early prophase by an unknown 
mechanism (Knauer et al. 2006). Furthermore, ubiquitination on survivin itself by 
FAM is also involved in the regulation of the targeting of Survivin and its associated 
CPC partners to centromeres (Vong et al. 2006).  Many of the efforts on studying 
Survivin function have also been focused on the interaction of Survivin and other 
passenger components INCENP-Aurora B and Borealin (See Chromosomal 
Passengers Complex Section for details). 
 
Study of Survivin RNAi in human cells and the conditional knockout of Survivin 
in DT40 cells indicate that Survivin is required for cytokinesis and proper spindle 
checkpoint activation when kinetochore-microtubule tension is lost (Carvalho et al. 
2003; Lens et al., 2003; Yue et al. 2008). Its role in development has also been 
revealed in a mouse knockout study (Uren et al. 2000). Null embryos showed 
microtubule bundling and impaired cytokinesis, resembling the defects observed for 
INCENP null embryos (Cutts et al. 1999). However, they failed to survive beyond 4.5 
days post coitum, which prevented more detailed analysis. Survivin developmental 
lethality in mice showed that Survivin is essential for life, indicating that a 
conditional knockout strategy would be required in order to study its function by gene 
disruption in a cell line (see below).  Such a conditional knockout has recently been 
reported by our lab (Yue and Carvalho et al., 2008). 
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Research into the specific role of Survivin as a mitotic regulator or protector of 
apoptosis would certainly help us understand the links, if any, between these two 
complicated processes.  
 
1.3.4 Borealin/Dasra-B and Dasra A 
 
In an attempt to search for novel components of the human mitotic chromosome 
scaffold, our lab identified another chromosomal passenger protein-Borealin 
(Gassmann et al., 2004), simultaneously, in a screen for novel X. laevis chromosome 
binding proteins, the same passenger protein termed Dasra B was identified in 
another study (Sampath et al. 2004).  In addition, a distantly related protein, Dasra A 
was also found in the same study (Sampath et al. 2004). Humans appear to have only 
one Borealin gene.  Xenopus, chicken (I will reveal the identificationo chicken 
Borealin in this thesis, see below), Drosophila and mouse have genes encoding both 
Borealin/Dasra B and Dasra A.  
 
In Xenopus, Dasra A and B follow the typical passenger localization (Sampath et 
al. 2004). Whether they have distinct functionality during mitosis still requires further 
investigation. Apart from its role in mitosis, Drosophila Borealin/Dasra B (termed 
Borr in Drosophila) is a chromosomal passenger protein during mitosis but does not 
appear to be present during Drosophila male meiosis (Gao et al.2007).  Drosophila 
Borealin seems to have an important role in tissue development and Histone H3 
phosphorylation at ser 10 (Hanson et al. 2005).  In contrast, its homolog Drosophila 
Dasra A (termed Australin, aust) is expressed and functions specifically during male 
meiosis (Gao et al.2007). Interestingly, both Australin and Borr share similar 
biochemical properties (Gao et al.2007).  
   
Interference with borealin/Dasra B’s function by RNAi (Gassmann et al., 2004, 
Sampath et al.2004, Gao et al.2007), all cause defects in spindle assembly, 
cytokinesis defects and mislocalization of Aurora B, INCENP and Survivin. In vitro 
binding experiments show that Borealin directly interacts with INCENP and Survivin, 
and forms the chromosomal passenger complex with them(Gassmann et al., 2004; 
Sampath et al.2004;Klein et al.2006). Later studies using the analysis of INCENP 
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truncation mutants (see below for discussion of the chromosomal passenger complex) 
showed that Borealin forms a ternary complex with Survivin and the N-terminus of 
INCENP (Klein et al.2006; Jeyaprakash et al. 2007). This sub-complex is believed to 
be required for the sufficient targeting of the CPC to centromeres in the absence of 
Aurora B (Klein. et al. 2006). In addition, Borealin (Klein. et al. 2006) and Dasra A/B 
(Kelly et al.2007) may bind chromatin in vitro. 
 
Although Survivin-INCENP chimeric mutants can greatly restore CPC function in 
Borealin-depleted cells, the lack of Borealin still greatly affected the targeting of 
other passengers to the centromere (Vader et al. 2006). This suggested an intriguing 
model in which CPC targeting to centromere may rely on the DNA binding ability of 
Borealin, and this activity in vivo can happen when Borealin forms a stable ternary 
complex with Survivin and INCENP (Klein. et al. 2006). Further in vivo experiments 
are needed to verify this model. 
 
Recently, an elegant study has also revealed that the mitotic checkpoint kinase, 
Mps1 also contributes to the kinase activity of Aurora B in centromere. And this step 
of regulation is considered through the phosphorylation of Borealin by Mps1 (Jelluma 
et al.2008). However, considering the role of INCENP in regulation of Aurora B 
kinase activity, how INCENP is involved in this process still remains an interesting 
question to be addressed.  
 
1.3.5 Telophase Disk-60 (TD-60) 
 
Telophase disk (TD)-60 was initially discovered as a novel mitosis-specific human 
autoantigen of 60 kDa that was found in the spindle midzone and equatorial cortex, a 
region termed the ‘telophase disk’ in the initial study (Andreassen et al. 1991).  
 
Later on, cloning of human TD-60 and generation of specific antibodies revealed 
that it behaves in mitosis like a typical chromosomal passenger.  The protein 
sequence of TD-60 shares significant similarities with the guanine nucleotide-
exchange factor (GEF) RCC1 (Mollinari et al. 2003). Functional analysis 
demonstrates that TD-60 is a critical mitotic regulator. TD-60 might have a role in 
RCC1 and Ran-GTP signaling, and TD-60 could bind to the small GTPase Rac1 in its 
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nucleotide-free form (Mollinari et al. 2003).  RCC1 is the GEF for the small GTPase 
Ran, which has important roles in nuclear transport, mitotic spindle assembly, nuclear 
envelope assembly and kinetochore function (DiFiore et al. 2004).  These 
observations suggested that TD-60 might be actively involved in the above processes. 
These conclusions have subsequently been questioned by a subsequent study 
(Rosasco-Nitcher et al.2008). 
 
TD-60 is required for normal mitotic progression.  TD-60 RNAi in HeLa cells 
revealed a role in regulating the prometaphase to metaphase transition, and TD60 was 
required for the correct localization of Survivin and Aurora B (Mollinari et al. 2003). 
Further studies from our lab revealed that another passenger, Borealin (see above) is 
required for the proper localization of TD-60 in mitotic cells (Gassmann et al. 2004).  
However, TD-60 seems not to physically interact with the chromosomal passenger 
complex formed by INCENP-Aurora B-Survivin-Borealin. Instead, a recent study 
demonstrates that TD-60 could form a complex with INCENP and Dasra-A in 
Xenopus in vitro, suggesting there might be another passenger sub-complex 
containing TD-60 (Rosasco-Nitcher et al.2008). 
 
Strikingly, in the Xenopus system, and consistent with the previous study 
(Mollinari et al. 2003), TD-60 could bind microtubules in vitro.  TD-60 and 
microtubules may act together to activate Aurora B kinase activity in vitro (Rosasco-
Nitcher et al. 2008). This regulation is also involved in Aurora B substrate 
phosphorylation regulated by Polo kinase and Haspin kinase. Furthermore, in the 
same study, TD-60 was also found to regulate Haspin kinase activity in Xenopus 
(Rosasco-Nitcher et al. 2008).  
 
Resolving the possible functional link between TD-60 and the other chromosomal 
passengers and the role of the putative TD-60 containing passenge sub-complex 





1.3.6 The Formation of Chromosomal 
Passenger Complex 
 
Cell division is a very carefully controlled process. The chromosomal passenger 
complex (CPC) has emerged as an essential player in regulating this process. CPC 
functions as a regulator parallel its dynamic localization. It has been proposed that the 
mobile complex controls many processes of cell division, ranging from maintaining 
the integrity of chromosome and spindle structure to the correction of kinetochore–
microtubule attachment errors, regulation of mitotic progression and the completion 
of cytokinesis (review in Ruchaud et al. 2008; Vagnarelli et al. 2004 and references 
therein).  
 
The CPC is composed of the central targeting and regulating subunit-INCENP, 
surrounded by the core enzymatic subunit-Aurora B and other regulatory subunits-
Survivin, Borealin and possibly TD60 (for the individual function of each passenger 
see above, in this thesis, I am going to focus on the complex of INCENP-AuroraB-
Survivin-Borealin, nevertheless, TD60 may be involved in another passenger sub-
complex in the recent study (Rosasco-Nitcher et al. 2008, see above)). Elegant studies 
have revealed that the functions of the CPC during mitosis are achieved by the 
assembly of INCENP with other passenger components Aurora B, Survivin and 
Borealin (Fig.1-8).  
 
 
Figure 1-8. Schematic representation of the main domains in INCENP 
 
The emerging picture of the CPC is that of a sophisticated machine engaged in a 
complex network of interactions. INCENP comprises two major functional 
modules—its N- and C- termini for interacting with other passengers (Ainsztein et 
al.1998; Adams et al.2000). The first evidence for a physical interaction between 
chromosomal passengers was uncovered in budding yeast Sli15/INCENP and 
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Ipl1/Aurora B (Kim et al. 1999), although those authors did not know that the protein 
they were studying, Sli15, was a homolog of INCENP and therefore did not recognize 
that they were looking at a chromosomal passenger complex.  That there was a 
chromosomal passenger complex was first recognized using the Xenopus proteins 
(Adams et al. 2000) and subsequently confirmed in studies using C. elegans and 
human (Kaitna et al., 2000) and in budding yeast (Kang et al.2001). INCENP is 
known to bind and partially activate Aurora B through its conserved C-terminus IN 
box, and is phosphorylated by the kinase at its TSS motif (SS motif in C. elegans and 
D. melanogaster- (Adams et al., 2000; Kaitna et al, 2000; Bishop and Schumacher et 
al.2002; Honda et al. 2003).  This phosphorylation in INCENP apparently leads to the 
maximal activation of Aurora B kinase activity by autophosphorylation of Aurora B 
at T232.  Mutagenesis experiments suggest this final step of autophosphorylation in 
Aurora B is essential for full activation of Aurora B kinase activity (Yasui et al. 
2004). 
 
The biological significance and phenotypic analysis of this two step-interaction 
with Aurora B and INCENP TSS motif phosphorylation inside the cell have not been 
directly tested, and will be reported first time in this thesis using a conditional 
INCENP knockout cell line.  Our results clearly demonstrate that both of these 
interactions are essential for the cell to finish mitosis (see below). In addition, 
analysis of INCENP truncation mutants also demonstrated that the INCENP coiled-
coil domain is not actually required for the binding of INCENP and Aurora B or 
INCENP with Survivin or Borealin in vitro (Honda et al. 2003; Klein et al. 2006).  
 
Concentrated efforts have sought to explain how the CPC is recruited to centro- 
meres. Studies from our laboratory 10 years ago showed that the N-terminal region of 
INCENP was essential for centromere targeting of the CPC (Ainztein et al.1998).  
More recently, this region has been shown to interact with Borealin and Survivin 
(Gassmann et al., 2004; Vader et al. 2006; Klein et al. 2006). Concomitantly, detailed 
structural analysis further revealed that hsBorealin10–109, hsSurvivin, and 
hsINCENP1–58 interact directly with each other in vitro to form a minimal CPC core 
heterotrimeric complex required for centromere targeting of CPC (Jeyaprakash et 
al.2007). Disruption of hsBorealin-hsINCENP or hsBorealin-hsSurvivin interactions 
impairs the localization of the CPC throughout mitosis. Moreover, disruption of both 
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hsBorealin and hsSurvivin interactions with INCENP at the same time generated two 
CPC subcomplexes hsBorealin-hsSurvivin, hsINCENP-hsAurora B.  However, 
neither of these was able to execute proper CPC function and cells expressing them 
experience various mitotic defects (Jeyaprakash et al.2007). Importantly, all these 
studies clearly proposed an important point that regulation of CPC targeting to the 
centromere is predominantly through an internal mechanism within the complex. 
 
Thus, INCENP acts as a scaffold to recruit Survivin and Borealin to its N-terminal, 
while Aurora B N-terminal (with its kinase domain) binds to the C-terminal IN box 
(Adams et al., 2000; Bolton et al. 2002).  The middle region of INCENP which 
contains the HP1 binding region and microtubule binding region is discussed above. 
Furthermore, Aurora B also binds Survivin in vivo (Bolton et al. 2002) and in vitro 
(Honda et al.2003), and disruption of this may lead to failure of cytokinesis (Cao et 
al. 2006).  Whether Survivin is required to activate Aurora B seems inconsistent in 
different systems (Bolton et al. 2002; Leverson et al. 2002; Petersen et al. 2003; 
Honda et al. 2003). It appears that the hsINCENP C-terminus, but not hsSurvivin, is 
essential to activate hsAurora B kinase activity in vitro (Honda et al.2003).  
 
One possible explanation for Survivin regulating Aurora B activity is that the effect 
might be indirect through modulating INCENP structure and therefore affecting 
Aurora B activity. In addition, Borealin can also bind Aurora B in vivo (Jeyaprakash 
et al.2007), and Borealin seems not be able to efficiently bind to Aurora B in the 
absence of INCENP (Jeyaprakash et al.2007). Remarkably, Borealin appeared not to 
modulate Aurora B activity in vitro (Gassmann et al. 2004). Survivin does not bind 
INCENP in Borealin depleted cells, which suggested a role for Borealin in stabilizing 
the Survivin–INCENP interaction (Vader et al. 2006). 
 
In this study, I will reveal that there is an intrinsic mechanism within the CPC to 
direct the transfer of the CPC to the spindle midzone.  
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1.4. THE Application of the DT40 Cell Line to 
Study the Behavior of Kinetochore Proteins 
 
1.4.1 Introduction to Vertebrate DT40 Cells 
 
The DT40 chicken B cell line was originally derived from an avian leukosis virus 
(ALV)-induced chicken bursal lymphoma. The ALV was injected intravenously into 
Hyline SC chickens and the resulting tumor was twice transplanted in vivo prior to 
cell culturing (Baba and Humphries et al. 1984;Baba et al. 1985). DT40 cells are tiny, 
but easily distinguished under a light microscope. Each single cell is approximately 
10 mm in diameter, and has a high nucleus verse cytoplasm ratio (for review see 




                            A                                                                             B 
Figure 1-9. Transmission electron microscopy of proliferating (A) and 
apoptotic (B) DT40 cells.  
The cells were grown under the described conditions (see material and Methods for 
DT40 culstures). and apoptosis was induced for 18 h with 1 mg/ml ionomycin. ER, 
endoplasmatic reticulum; M, mitochondria; N, nucleus; Nu, nucleolus; V, viral 
particles. The scale bar in (A) equals 1 mm. Adapted from Winding et al .2001 
   
The application of the chicken DT40 B cell line in cell biology has become 
increasingly popular due to its unique physiological features, which make it easy to 
manipulate genetically for functional and phenotypic analysis. DT40 cells are easy to 
culture with a rapid generation time between 9~10 hours. The cells offer an 
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exceptionally high level of homologous recombination between transfected and 
genomic DNA, which can be as efficient as in budding yeast (Buerstedde et al 1991). 
The targeted to random DNA integration ratio is more than 1:2, by far exceeding that 
any mammalian cell line can offer (for review see Winding et al .2001 and references 
therein). It is easy to build targeting constructs and to assay targeting experiments in 
these cells. Approximately 2 kb of homology on either side of a targeting construct is 
sufficient to ensure efficient targeting at most loci. As in other systems, targeting 
efficiencies are higher with isogenic DNA, so it is preferable to build targeting 
constructs from DT40 DNA. The facility with which knockout cell lines can be 
generated, combined with its short generation time, makes the DT40 cell line 
attractive for phenotype analysis of single and multiple gene disruptions (Winding et 
al . 2001 and references therein). Advantage has been taken of these properties to 
investigate such diverse fields as cell cycle regulation, B cell antigen receptor (BCR) 
signaling, gene conversion and apoptosis (Winding et al . 2001 and Brown et al.2003 
and references therein).  
 
In addition, mitotic structures such as the mitotic spindle, centrosome, and 
centromere in DT40 cells are much larger and more elaborate than the analogous 
structures in yeast, and structurally resemble those of to humans and mice, plus 
different mitotic stages, such as prometaphase chromosome congression, metaphase-
anaphase transition, are easily visualized under light microscopes (Hudson et al. 
2003). The DT40 knockouts of mitotic genes have greatly improved our 
understanding of mitotic regulation, in particular of chromosome structure, 
kinetochore assembly and function, and mitotic chromatin condensation (Fukagawa et 
al. 1999; Hudson et al. 2003). Thus, our lab uses DT40 cells to study the functions of 








1.4.2 Application of DT40 Cells to Study Mitotic 
Regulation 
 
Gene knockouts and RNAi are both feasible to explore gene functions in DT40 cells 
(Brown et al. 2003). Both techniques were recently done to examine the molecular 
mechanism of kinetochore assembly in vertebrate cells. Although we agree that RNAi 
is a very powerful technique, the genetic approach in DT40 cells is easier to control 
and handle.  
 
RNAi knockdown allows us to address gene function phenotypically and 
microscopically within a relatively short time, however, the temporary knockdown 
character of this strategy and the heterogeneous population obtained only permitted 
studies on a single cell basis. These make the system itself not as efficient as 
knockout system in studying gene function. 
 
Our lab and other colleagues in the field have successfully used the DT40 knockout 
system to study the mechanism of chromosome condensation and kinetochore-
centromere assembly. There are two most commonly used strategies for making cell 
lines conditionally null for essential genes in DT40 cells. For non-essential genes, 
methods are more straightforward and will not be discussed here. These methods that 
used for knocking out the essential genes, which have been established and proven to 
be successful in DT40 cells, are called the Tet induction system (Wang et al., 1996), 
and the Cre-lox system (Fukagawa et al., 1999a; reviewed Hudson et al.2003). Here, I 
will focus on introducing the Tet induction system, and in particular the Tet-Off 
system. 
 
The Tet-Off system is based on modulating the binding of the tet repressor to the 
tet operator (tetO) in the presence or absence of doxycycline (a more potent analogue 
of tetracycline). Doxycycline is much less toxic to vertebrate cells than it is to E. coli 
(concentrations of up to 4 μg ml–1 are tolerated without visible effect in DT40 cells, 
for example). The Tet-Off system is based on regulatory elements of the tetracycline-
resistance operon of E. coli, in which transcription of resistance-mediating genes is 
negatively regulated by the tetracycline repressor (tetR). In the presence of 
tetracycline, the tetR no longer binds to its operators present within the promoter of 
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the operon.  This allows transcription of the operon and resistance to the drug. The 
fusion of the tetR with the transcriptional activation domain of virion protein 16 
(VP16), a protein required for the transcription of the immediate early viral genes in 
Herpes simplex virus, generated a hybrid transactivator (tTA) that stimulates minimal 
promoters fused to tetracycline operator (tetO) sequences (Gossen and Bujard et al. 
1992). These promoters are silent in the presence of doxycycline, as it prevents the 
tTA from binding to the tetO sequences (Fig.1-10; for reference see Gossen and 
Bujard et al. 1992). This so-called Tet-Off system can be further optimised by the 
variation of the number of tetO sequences within the promoter, by modification of the 
transcriptional activation domain of VP16 within the tTA, or by varying the 
tetracycline concentration in the medium. Thus, the level of transcription and 
consequently the level of expression of the transgene and its product can be adjusted 
(Hudson et al. 2002). The traditional Tet-Off knockout system uses the original ORF 
(cDNA) of the targeting gene as a rescue construct that can be switched off by adding 
doxycycline.  This limits the generation of knockout cells in two ways.  If the targeted 
gene has multiple splicing variants, expression of a single cDNA may fail to provide 
full function in DT40 cells.  In this case, no single cell line can support cell life if the 
chromosomal copy of the gene is deleted. 
  
 
Figure 1-10. Schematic Representation of the Tet-Off System  
Dox - doxycycline. Rescue represents the transgene that needs to be expressed in 
the cells before targeting of the second allele of a biallelic essential gene. See text 
for details. 
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Another limitation of the Tet-Off system is that the level of rescue cDNA 
expression is generally regulated by an exogenous promoter.  This is likely to result 
in overexpression or mistimed expression during the cell cycle.  These effects are 
both potentially toxic to the cells, and may hinder the generation of knockout cell 
lines (for review see Brown et al. 2003).  
 
There are at least two ways to overcome the problem of potential toxicity of the 
expressed rescue gene product (for technical details see review in Brown et al. 2003). 
One way is to fuse a modified form of the estrogen receptor (ER) with the rescue 
protein, and regulate the activity of the constitutively expressed protein through the 
addition of tamoxifen. 
 
       A second possibility is takes advantage of the physiological features of DT40 
cells, which can can grow at temperatures ranging from 35 ~ 43ºC.  Thus introducing 
conserved temperature sensitive/TS mutations into the gene may allow TS mutants to 
be isolated (Fukagawa et al. 2001). This technique is potentially powerful as it may 
allow phenotypic analysis of the loss-of-function phenotype of the gene within a 
single cell cycle. 
 
However, this traditional TS strategy greatly relies on the conservation of the 
sequence of the vertebrate gene relative to the yeast one, if that is where the ts 
mutations were first isolated.  If the vertebrate and yeast proteins are highly 
divergent, the approach may be impossible to use. Significantly, a novel technique 
developed recently by the group of Ashok Venkitimeran, in which the targeted gene 
product is fused with the yeast ts-degron system, has proven to work in DT40 cells 
(Su et al. 2008). With this method, the use of TS strategy in DT40 is looking 
extremely promising. Indeed, this method has been used to generate an INCENP-TS 
knockout cell line in our lab. As this was not the focus of my work, further data and 
technical details will not be discussed here. 
 
Recently, a new modified version of the Tet-Off knockout system, called the 
“Promoter-hijack” approach was developed in our lab (Fig. 1-11; for details see 
Samejima et al. 2008). As mentioned above, in some cases, the traditional Tet-Off 
induction knockout strategy is not feasiable because of the targeted gene has multiple 
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splice variants which may be also required for cell survival, thus, expression of a 
single cDNA may fail to provide full function in DT40 cells.  Our new gene targetting 
strategy was originally designed to allow the conditional expression of targeted gene 
with mutiple splice variants.  
 
Figure 1-11. Schematic Diagram of the Promoter Hijack System  
See text for details. 
 
Briefly, the idea was to ‘‘hijack’’ the targeted gene’s promoter and use this 
promoter fragment to drive the tTA, which would then drive expression of the 
endogenous targeted gene locus instead of full length cDNA/ORF region. As 
described in our previous study (Samejima et al.2008), the principle of this strategy is 
to target or ‘hijack’ the 5’UTR region of the gene, in particular the minimal gene 
promoter region instead of the whole gene locus. After multiple rounds of drug 
selection, the replacing exogenous gene promoter (either its own or a compatible 
promoter) that fused with intermediatary tTA transcriptional activator then drives the 
expression of the whole endogenous gene locus fused with a TetO sequence in front 
of its ATG. Thus, anything behind the ATG of the target gene, including exons, 
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introns, and 3’UTR remains intact. In this sense, the gene transcript should be able to 
undergo its normal RNA processing. In addition, comparing to the traditional Tet-Off 
system, this modified strategy does not require cloning and expression of the full 
length cDNA of the targeted gene, therefore, it is theoretically applicable to any 
targeted genes that are cell cycle-regulated, and have multiple spiced varients as well 
as very large genes whose cDNA is difficult to be cloned. This methodology has 
proved to be able to disrupt the gene function extremely effectively and rapidly 
(Samejima et al. 2008; see the knockout efficiency of the conditional INCENP 
knockout cell line below), which allows us to construct conditional knockouts of 

































2.1. Chemicals and Common Solutions 
All chemicals are from Sigma, unless otherwise indicated. Solutions for tissue culture 
are from Invitrogen GIBCO. The CLAP protease inhibitor cocktail consists of 
chymostatin, leupeptin, antipain, and pepstatin A. Phosphate-buffered saline (PBS) is 
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4. Luria-Bertani 
medium (LB) is 1 % (w / v) tryptone, 0.5 % (w / v) yeast extract, 1 % (w / v) NaCl, 
pH 7.0. 
 
2.2. Cell Culture 
DT40 cells were grown in suspension in RPMI 1640 medium supplemented with 
10% FBS, 1% of chicken serum and 100 U/ml penicillin-streptomycin, 100 μg/ml 
streptomycin and 300 mg/ml L-glutamine (Gibco-BRL) and maintained in 5% CO2 at 
39ºC at no more than 106 cells/ml. Doxycycline at a final concentration of 10-500 
ng/mL was added to the culture medium to repress transcription of Survivin or 
INCENP rescue transgene.  
 




Before transfection of DT40 knockout cells, DNA was purified with 
phenol/chloroform. The required amount of DNA was digested with an appropriate 
enzyme in a total volume of 50-150 μl. This volume was made up to 300 µl with 
water and 300 µl of phenol/chloroform (isoamyl alcohol 25:24:1, Sigma) was added 
and mixed by vortex for 1 minute.  The mix was centrifuged for 2 minutes at 20,800 
x g at room temperature and the upper phase retained.  DNA was precipitated by the 
addition of 30 µl 3 M sodium acetate, pH 4.8, and 375 µl isopropanol, left at room 
temperature for 10 minutes and then centrifuged for 10 minutes at 20800 g, at room 
temperature. The resulting DNA pellet was washed in 1 mL 70% ethanol, air-dried 
and resuspend in PBS at a concentration of 1 µg/µL, assuming 100% recovery.  
For stable transfection, 15x106 cells were spun down at 150 x g for 5 minutes, 
washed in OptiMEM medium (Gibco-BRL) and resuspend in 0.5 ml of OptiMEM. 
Cells were transferred to an electroporation cuvette (Bio-Rad, 0.4 cm) and 30 μg of 
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linearised DNA (plus 3 μg of linearised selectable marker DNA in the case of a co-
transfection) was added to them. Cells were incubated on ice for 10 minutes before 
being electroporated using a Gene Pulsar apparatus (Bio-Rad) at 300 V and 950 μF 
on the mammalian plug. Time constants of 20-25 mseconds were expected. 
Electroporated cells were then placed on ice for 10 minutes before being diluted in 20 
ml of medium and placed at 39ºC for 20 hours. Twenty four hours after, transfected 
cells were resuspend in a final volume of 70 ml of the appropriate selective medium: 
2 mg/ml neomycin (G418, Invitrogen), 1 mg/ml histidinol (Sigma), 2.5 mg/ml 
hygromycin B (Calbiochem), 0.5 μg/ml puromycin (Calbiochem), 400 μg/ml Zeocin 
(Invitrogen). Cells were then plated out in 96 well plates (180 μl per well) and 




Denaturing protein gel electrophoresis was carried out using the Tris-glycine buffer 
system described previously (Laemmli, 1977). Polyacrylamide gels were prepared 
from a 30 % (v / v) acrylamide/bisacrylamide mixture (Severn Biotech). The stacking 
gel contained 8 M urea. Proteins were dissolved in sample buffer (150 mM Tris-HCL 
pH 8.8, 2 mM Na-EDTA, 15 % (w / v) sucrose, 3 % (w / v) SDS, 20 mM DTT) by 
repeated boiling and sonication. After cooling the samples to room temperature, 
iodoacetamide was added to 80 mM, and the reaction was allowed to proceed for 2 h 
at 37 °C before loading. Gels were run in vertical gel electrophoresis units (Hoefer 
Pharmacia Biotech or BioRad) according to the manufacturer’s instructions. 
4X Lower gel (resolving gel/ cast gel) buffer: 1.5 M Tris-HCl, pH 8.8 with 0.4% 
SDS. 
4X Upper gel (stacking gel) buffer: 0.5 M Tris-HCl, pH 6.8 with 0.4% SDS 
 Concentratio
n of gel 
5% 7.5% 10% 12.5
% 
15% 16% 17% 18% 20% 
Lower buffer 
(ml) 
2 2 2 2 2 2 2 2 2 0.75mm gel/  
8 ml/2 mini 
30% Acryl 
(ml) 
1.3 2 2.6 3.3 4 4.3 4.5 4.8 5.3 
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H2O (ml) 4.7 4 3.3 2.7 2 1.7 1.5 1.2 0.7 
10% APS 50 50 50 50 50 50 50 50 50 
TEMED 5 5 5 5 5 5 5 5 5 
           
Lower buffer 
(ml) 
3 3 3 3 3 3 3 3 3 
30% Acryl 
(ml) 
2 3 4 5 6 6.4 6.8 7.2 8 
H2O (ml) 7 6 5 4 3 2.6 2.2 1.8 1 
10% APS 75 75 75 75 75 75 75 75 75 
1 mm gel/12 ml/2 
mini 
TEMED 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 
           
Lower buffer 
(ml) 
5 5 5 5 5 5 5 5 5 
30% Acryl 
(ml) 
3.3 5 6.5 8.3 10 10.5 11.3 12 13.3 
H2O (ml) 11.7 10 8.5 6.7 5 4.5 3.7 3 1.6 
10% APS 125 125 125 125 125 125 125 125 125 
0.75 mm gel/20 
ml/1 big 
TEMED 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 
           
Lower buffer 
(ml) 
10 10 10 10 10 10 10 10 10 
30% Acryl 
(ml) 
6.5 10 13 16.5 20 21.5 22.5 24 26.5 
H2O (ml) 23.5 20 17 13.5 10 8.5 7.5 6 3.5 
10% APS 250 250 250 250 250 250 250 250 250 
1.5 mm gel/40 
ml/1 big 
TEMED 25 25 25 25 25 25 25 25 25 
 
Table 2-1. Recipe for lower gel. The volume is for 2 mini gel and 1 big gel. 
 
Stock 2 mini Bio-rad 0.75 mm gels 2 mini Bio-rad 1 mm gels 1 big 1.5 mm gel 
Upper gel buffer 0.8 ml 1.2 ml 3.6 ml 
Acrylamide 0.4 ml 0.6 ml 1.8 ml 
H2O 2 ml 3 ml 9 ml 
10%APS 40 µl 60 µl 180 µl 
TEMED 3 µl 4.5 µl 13.5 µl 
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Table 2-2. Recipe for upper gel. 
SDS-PAGE running buffer: 2.5 mM Tris, 19.2 mM glycine, 0.1% SDS, pH 8.8. 
SDS-PAGE transfer buffer: 0.2 M Glycine, 25 mM Tris, 0.1% SDS, 20% Methanol. 
2.5. Immunoblotting 
 
Cells were collected by centrifugation at 300~400 × g for 5 minutes, washed in 
chilled 1×PBS and resuspended in Laemmli sample buffer, then boiled for 5 minutes 
and sonicated 3 times for 20 seconds (SoniPrep 150, Sanyo). Half million of cells 
were loaded per well in appropriate percentage of poly-acrylamide gels. Proteins 
were transferred onto nitrocellulose membranes (Hybond-ECL, Amersham 
Biosciences) and protein transfer (220ma, 2:20hr, 4°C) was confirmed by staining 
with Ponceau S (Sigma). Blocking, incubation of the membranes with primary and 
secondary antibodies, and protein signal detection using Hybond ECL kit(Amersham 
Biosciences). Membranes were probed with primary antibodies against chicken 
Borealin (1/50~100, rabbit, affinity purified antibody), α-tubulin (1/2000, mouse; 
B512, Sigma) for 1 hour at room temperature, and specie-specific horseradish 
peroxidase-conjugated secondary antibodies (1/10000; Amersham Biosciences) for 
45 minutes at room temperature. 
 
2.6. Generation of Chromosomal Passengers 
Antibodies  
 
Competent E. coli BL21 cells were transformed with pGEX plasmid (Novagen) 
vectors containing corresponding chicken chromosomal passengers cDNA (Aurora B 
N-terminal/Middle fragments, full length Borealin/Dasra B and Dasra A; in the 
following description, Aurora B antibody were used as an example for antibody 
production, other antibodies production were using the same protocol).  A single 
colony was picked and grown in 100 mL LB medium containing 100 µg/mL 
ampicillin at 18°C, overnight, with gentle shaking.  The culture was diluted 1/100 in 
LB medium, then grown until the OD600 reached approximately between 0.6~1. 
Several different conditions were tried and the ones that provided a better expression 
of GST-Aurora B are described below. Expression of GST-Aurora B was induced 
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with 1 mM IPTG for 3 hours at 36°C, with shaking. Cells were collected by 
centrifugation at 6000RPM for 20 minutes at 4°C and the resulting pellet either stock 
in -20°C or proceed the subsequent experiment-resuspended in denaturing lysis 
buffer (6 M guanidine hydrochloride, 0.1 M NaH2PO4, pH 8.0, 10 mM Tris, pH 8.8, 
1% Triton X-100, pH 8.0, 100 μM PMSF and 1 μg/ml CLAP), 4 mL of buffer per 1 g 
of cell pellet. The lysate was left on ice for 20 minutes, then sonicated 3 times for 30 
seconds (SoniPrep 150, Sanyo) and finally centrifuged at 20800 × g for 3 minutes. 
GST-Aurora B was purified by incubation of the resulting supernatant with GST 
sepharose beads (Amersham Biosciences, 3 ml of beads for an initial volume of 
bacterial culture of 500 ml) for at least 1 hour, after which the beads were collected 
by centrifugation. Beads were washed 3 times by incubation with wash buffer (100 
mM NaCl, 20 mM Tris, 1% Triton X-100, pH 8.0) for 10 minutes, followed by gentle 
centrifugation, 500 × g, 3min, 4°C.  GST-tagged Aurora B was eluted of beads and 
denature in the Laemmli sample buffer. All incubations were performed at room 
temperature with gentle agitation and all centrifugation steps at 400~500× g for 5 
minutes. GST-Aurora B was run on a 12.5% poly-acrylamide gel, containing 0.1% 
SDS, and subsequently stained with aqueous coomassie (0.1% Coomassie Brilliant 
Blue R in 1x Laemmli Running Buffer). After destain in Laemmli running buffer, 
without SDS, a single band of the appropriate size was excised from the gel and 
ground up while frozen in liquid nitrogen. The resulting powder was resuspend in 
1×PBS (Invitrogen) and used for immunisation of four host rabbits (Diagnostics 
Scotland), whose pre-immunes sera were pretested for preferably no reactivity to 
DT40 whole cell lysates, particularly no reactivity against proteins that run at the 
same level as chicken Aurora B does in SDS-PAGE. 
 
2.7. Affinity Purification of Antibody 
 
GST-tagged Borealin or Aurora B (Illustrated using Anti-Borealin antibody as an 
example) was prepared as described (see antibody production above), run in a 12.5% 
poly-acrylamide gel and transferred onto a nitrocellulose membrane (Hybond-ECL, 
Amersham Biosciences). The band of GST-Borealin was identified by Ponceau S 
staining (Sigma), cut out, blocked with 5% milk in PBS, 0.1% Tween-20, cut into 
very small pieces and placed into a 15 ml tube. Membrane pieces were incubated 
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with 1 ml of original antibody diluted in 10 ml of 5% milk, 0.1% Tween-20 for 1 
hour, rotating at room temperature. Depleted-serum(after binding serum) was stored 
at 4 ºC and the membrane bits were washed three times in PBS, 0.1% Tween-20 and 
once in PBS. Once washed, the protein was eluted twice in 1ml of 200 mM glycine, 
with pH range from 2/2.5/3. Final eluted fractions were neutralised with 50 mM Tris, 
pH 8. 
2.8. Indirect Immunofluorescence Microscopy 
 
DT40 Cells were fixed with 4% formaldehyde in Cytoskeleton Buffer (CB buffer: 
137mM NaCl, 5 mM KCl, 1.1 mM Na2HPO4, 0.4 mM KH2PO4, 2 mM MgCl2, 2 mM 
EGTA, 5 mM Pipes, 5.5 mM glucose) and permeabilized with 0.15% Triton X-100 in 
CB buffer, as described in Wheatley and Wang, 1996. Coverslips were blocked by 
immersion in 1×PBS, 1% BSA for 30 minutes at room temperature, or over night at 4 
°C. Cells were probed with antibodies against appropriate antibodies, eg. Anti-
Borealin (1/100, purified antibody, see above) or α-tubulin (1/2000, mouse; B512, 
Sigma). Anti-centromeric antibodies (ACA) were used to stain the centromeres 
(1/1000, human) (Sigma). Appropriate secondary antibodies coupled to Texas Red, 
fluorescein and Cy5 were used (1/200, goat, ImmunoJackson) and DNA was stained 
with 0.5 μg/ml DAPI. Cells were incubated with primary or secondary antibodies 
diluted in blocking solution, for 30 minutes at 37 °C. Chromosome spreads were 
made by hypotonically swelling colcemid treated cells with 75 mM KCl for 20 
minutes at room temperature prior to fixation. Image stacks were taken using an 
Olympus IX-70 microscope controlled by Delta Vision SoftWorx (Applied Precision) 
and a 100 x objective (NA 1.4). Image stacks were deconvolved, quick-projected and 
saved as tiff images.  
2.9. Growth Curves  
Growth curves were plotted based on numbers of viable cells, as determined 
by Trypan blue exclusion (Sigma). Each counting was independently performed at 
least three times. Final data were plotted using Microsoft Excel file. 
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2.10. Quantitation of Bi/Multinucleation and 
Mitosis Indexes 
For the assessment of the multinucleation/mitosis indexes, counting slides were 
prepared using immunoflourence staining using appropriate antibodies. A total of five 
hundred cells were scored for each time point. The bi/multinucleation index was 
calculated by dividing the number of multinucleated interphase cells by the total 
number of interphase cells. The mitotic index was calculated by dividing the number 
of mitotic cells by the number of interphase plus mitotic cells. Each quantitation was 
independently performed at least three times.  
 
2.11. Quantitation of Mitotic Cells in Different 
Mitotic Phases and Mitotic Cells with Multiple 
Spindle Poles 
 
For the assessment of the mitotic cells in mitotic phase, counting slides were prepared 
using immunoflourence staining using appropriate antibodies (e.g. Anti-AuroraB, α-
tubulin, gamma-tubulin,etc) A total of at least two hundred mitotic cells were scored 
for each time point. The percentage of mitotic cells in corresponding mitotic phase 
was calculated, for example, by dividing the number of anaphase cells by the total 
number of mitotic cells. The multiple spindle poles index was independently 
calculated in an independent experiment by dividing the number of mitotic cells with 
more than two spindle poles by the total number of two hundred mitotic cells  (slides 
were either stained with Anti-AuroraB+α-tubulin+DAPI, or Anti-AuroraB+gamma-
tubulin+-DAPI). Each quantitation was independently performed at least three times.  
 
2.12. In Vivo Protein Affinity Pull-Down  
 
For in vivo SBP-pull down in DT40 cells, always prepare healthy growing cells. Pre-
incubated DT40 INCENP conditional KO cells containing exogenous (e.g. TRAP-
INCENP Class 1 WT/W766G/TAA/F802A, etc) constructs for 16hr doxycycline. At 
the 16th hour time point, the cells were further treated with Nocodazole for 8~10 
hours. To prepare the lysates, DT40 cells harvested and washed once with PBS and 
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resuspended in EN lysis buffer (50 mM Tris-HCl, 0.2 M NaCl, 1% NP-40, 0.5% 
deoxycholate, 1 mM PMSF, 20 mM β-ME, pH 8.0) supplemented with protease 
inhibitors, 1mM PMSF (Sigma), 1μg/ml CLAP (combination of chymostatin, 
leupeptin, antipain, pepstatin A, Sigma). After thorough sonication, cellular debris 
was removed by centrifugation at 20,000 x g for 20 min at 4 °C. Cell lysates were 
fractionated by affinity chromatography. Cell lysates were incubated with  
ImmunoPure™ Immobilized streptavidin beads (Pierce, Cat. 20227) at 
4°C,1hr30min, then washed twice with lysis buffer and once with EN washing buffer 
(50 mM Tris-HCl, 0.1% NP-40, 0.4 M NaCl, 0.1 mM PMSF) and once EN Tris 
buffer (50 mM Tris-HCl, 0.4 M NaCl, 0.1 mM PMSF). Remove the supernatant, the 
beads were finally boiled in sample buffer. All samples were subjected to SDS-PAGE 
gel and then checked by immunoblotting, silver staining or Coomassie blue staining. 
 
2.13. Molecular Cloning 
2.13.1 Screening of DT40 Genomic Library 
 
Bacterial cells MRA-P2 were grown in the presence of 10 mM MgSO4 and 0.2% 
maltose to an OD600=0.5. Cells were spun down and resuspend in 10 mM MgSO4 
until OD600=0.5. A volume of 3 ml of MRA-P2 cells was mixed with 5x105 pfu of 
phage from the library and incubated at 37ºC, shaking for 15 minutes. Top agarose 
(approximately 30 ml), previously melted and kept at 50ºC, was added and the 
mixture poured quickly onto each LB agar texas plates (22 cm x 22 cm) and 
incubated at 37ºC for 8 hours until separated plaques had formed. Plaque lifts were 
performed using nylon membranes in duplicates in order to pick only the double 
positive plaques. Membranes were placed on the plates for 2 minutes and marked 
with ink in order to orientate the membranes after hybridisation. Membranes were 
then denatured for 2 minutes (1.5 M NaCl, 0.5 M NaHO), neutralised for 3 minutes 
(1.5 M NaCl, 0.5 M Tris-HCl pH 8.0) and rinsed for 1 minute (0.2 M Tris, 2x SSC: 
0.3 M NaCl, 0.03 M sodium citrate, pH 7 adjusted with citric acid). The membranes 
were dried on Whatman paper before UV crosslinking at 0.12 J (Stratagene, UV 
Stratalinker 2400), pre-hybridised in Church buffer (0.5 M Na2HPO4.H2O, 7% SDS, 
1 mM EDTA) for 1 hour at 65ºC and then hybridised with a radiolabelled probe 
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overnight at 65ºC. The probe was generated by PCR using primers Gsvn1 and Gsvn2 
(Table 1) and pGsurvCD as template. Random priming and incorporation of 
radiolabled α-32P-dCTP was performed using the Megaprime DNA labelling kit 
(Amersham) according to manufacturer’s instructions. Membranes were then washed 
in 40 mM Na2HPO4.H2O, 1% SDS at 65ºC for 10 minutes. Additional 5 minutes 
washes were performed until the desired radioactive signal, monitored with a Geiger 
counter, was reached (usually 10 cpm). Finally, membranes were exposed to 
photographic film at –80ºC for the appropriate length of time depending on the 
strength of the signal. Double positive phages were picked using a cut pipette tip. The 
plaques were placed into 0.5 ml of SM buffer (0.1 M NaCl, 8 mM MgSO4.7H2O, 50 
mM Tris-HCl, 0.01% gelatin) plus 30 μl of chloroform, vortexed and kept at 4ºC for 
at least 3 hours to let the phage diffuse out of the plugs. These phages were subjected 
to a second screening round. The procedure was exactly the same but using smaller 
volumes and smaller plates. A volume of 200 μl of MRA-P2 cells was used to mix 
with the phage (several dilutions of the phage might be required) and 3 ml of top-agar 
was added to pour the mixture onto small LB agar plates.  
 
To titre the phage, 6 x 10 fold dilutions were prepared in SM buffer, plated out and 
plaques per plate were scored. High titre stocks were prepared by scraping the top 
agar from a plate that had a high concentration of plaques and mixing it with 3 ml of 
SM buffer and 200 μl of chloroform. After at least 3 hours at 4ºC, this was 
centrifuged at 3300 x g for 15 minutes and the clarified solution was stored at 4ºC or 
in 7% DMSO at –80ºC. Phage DNA was prepared according to Qiagen Lambda 
phage maxi prep kit guidelines (Qiagen). 
 
2.13.2 Genomic DNA extraction 
 
DT40 cell colonies were picked from 96 well plates into 3 ml of medium and grown 
for 2-3 days. Half the cells were frozen in 200 μl on FBS, 10% DMSO and kept at –
80ºC and the other half were spun down at 420 x g for 5 minutes. Cells were lysed in 
0.5 ml of Tail buffer (50 mM Tris pH 8.8, 100 mM EDTA, 100 mM NaCl, 1% SDS) 
containing 0.5 mg/ml proteinase K and incubated overnight at 37ºC. The samples 
were shaken vigorously for 1 minute and 200 μl of saturated NaCl was added and 
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shaking repeated. Cells were then centrifuged at 20,000 x g for 10 minutes. 
Supernatants were transferred to new tubes and 1 volume of isopropanol was added 
to precipitate the DNA. Samples were centrifuged again at 20,000 x g for 10 minutes 
and the DNA pellet washed in 70% ethanol. After another centrifugation, the DNA 
pellet was air-dried and resuspend in 70 μl of distilled water. 
 
2.13.3 Southern blotting 
 
Genomic DNA was digested with the appropriate restriction enzyme, in the presence 
of 10 μg /ml RNase and 0.1 mg/ml BSA, overnight at 37ºC. Digested DNA and 
molecular weight markers (Gibco BRL) were electrophoresed on a 0.8% agarose gel 
(Invitrogen) in TAE buffer (0.04 M Tris-acetate, pH 7.5, 0.001 M EDTA) containing 
0.3 μg/ml ethidium bromide and photographed alongside a fluorescent ruler in order 
to calculate the size of bands after blotting. The gel was then depurinated in 0.25 M 
HCl for 20 minutes and denatured in 0.5 M NaOH, 1.5 M NaCl for 20 minutes. The 
gel was transferred onto a nylon membrane (Amersham Hybond-N), in 10x SSC (1.5 
M NaCl, 0.15 M sodium citrate, pH 7 adjusted with citric acid), by upwards capillary 
transfer (Russel, 2001). After transfer, membrane was UV cross-linked and 
hybridised with DNA probe in a 65ºC hot lab rotor. The probe was generated by PCR 
using appropriate sets of primers. The membrane was washed and exposed to 
photographic film at –80ºC as described in Screening of DT40 Genomic Library. 
 
2.13.4 RNA Isolation and Reverse Transcription 
PCR 
 
Total RNA was prepared from the DT40 cells using TRIzol (Total RNA Isolation 
Reagent from Invitrogen) and manufacturer’s instructions were followed. RNA 
pellets obtained from 2x106 DT40 cells were resuspend in 20 μl of 0.1% DEPC-
treated water and heated to 50ºC for 10 minutes to help ressuspension.  cDNA 
synthesis was carried out using the Superscript First-Strand Synthesis for RT-PCR kit 
(Invitrogen). cDNA was generated according to manufacturer’s instructions using 2.5 
μg of RNA and oligo(dT). PCR was then carried out using the cDNA as template and 
appropriate sets of primers. PCR products were run in agarose gel and bands 
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corresponding to target genes or fragment were analysed and inserted into appropriate 
vector, and preceded to the subsequent experiments. 
 
2.13.5 Cloning of Recombinant Proteins and 
Mutagenesis 
 
RNA was prepared following the protocol above. cDNA was synthesized from 3 μg 
of total RNA using oligo(dT) primers according to the instructions supplied with the 
Superscript First-Strand Synthesis kit (Invitrogen). 
All vectors containing the corresponding cDNAs for chicken Aurora-B, Borealin, 
Survivin, and INCENP were cloned into pGEMT easy(Promega) and sequenced. The 
PCR reactions typically contained 0.2 mM dNTPs, 1 mM MgCl2, 0.4 μM primer, and 
2.5 U / μl LA DNA Polymerase (Takara Bio.) in the corresponding buffer. Thermal 
cycling was performed as recommended by the manufacturer of the DNA 
polymerase. The PCR products were introduced into the appropriate vectors 
(pEGFPN1, pEGFPC1, Clontech; pGEX, Pharmacia; pRSET, Invitrogen; 
pBluescript, Stratagene) using the standard cloning methods described below. To 
construct deletion mutants of borealin, partial coding sequences were amplified by 
PCR and subcloned.  
 
2.13.6 Restriction Digestion and Ligation of 
DNA 
 
Plasmids and PCR fragments were digested with the appropriate restriction enzymes 
(New England Biolabs) for at least 2 h at 37 °C, and the digestion products were gel-
purified as described above. Plasmid DNA was incubated with 10 U calf intestine 
phosphatase (New England Biolabs) for at least 1hr at 37 °C. Ligation reactions were 
carried out with a plasmid to insert ratio of 1 : 3 for 4 h at 16 °C in the presence of 
400 - 2000 U T4 DNA ligase (New England Biolabs). Alternatively, ligation reaction 
can also be carried out using Quick Ligation Kit (New England Biolabs) where using 
1μl of vector (containing ~50ng) and 9μl of insert with 10μl of ligation buffer 
provided by the kit, finally add 1μl of Quick Ligase, transfer the mix to the 25°C 
block and incubate for 5 min, terminate the reaction on ice. 
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2.13.7 Electrophoresis of DNA 
 
DNA fragments were separated on agarose gels containing 0.5 μg / ml ethidium 
bromide in TAE buffer (40 mM Tris-acetate pH 8, 1 mM EDTA) and visualized on a 
UV transilluminator. For cloning, gel slices containing the appropriate DNA 
fragments were excised with a scalpel, and the DNA was purified using the QIAquick 
Gel Extraction kit (Quiagen).  
 
2.13.8 Preparation of Plasmid DNA 
  
After construction of plasmids, plasmids were transformed into competent E. coli 
(TOP10 for Molecular cloning or for protein expression using BL21), single colony 
was picked up and grown in LB containing appropriate antibiotic for 12~15 hours at 
37°C. Plasmid DNA was isolated from these cultures using Miniprep, Midiprep, or 
Maxiprep plasmid extraction kit (Qiagen), which are based on the alkaline lysis 
method commonly used previously (Sambrook and Russell, 2001). 
 
2.13.9 Site-Directed Mutagenesis 
 
To obtain series of the Survivin/INCENP/Aurora B mutants, site-directed 
mutagenesis were performed according to the standard protocols (Stratagene XL site-
directed mutagenesis kit). 
 
2.13.10 Sequencing and Sequence Analysis 
 
Constructed Plasmids were sequenced using the Big Dye Terminator v3.1 Cycle 
sequencing kit. A mixture of ddH20, 2 µl of Big Dye, 3.2 pmol of primer and 
200~500 ng of template DNA was prepared in a total volume of 10 µl. The cycling 
reaction is 96 °C for 4 minutes, 25 cycles of 94 °C for 30 seconds, 51 °C for 30 
seconds and 60 °C for 4 minutes, followed by an extension at 60 °C for 10 minutes. 
Samples were analyzed in a 3100 Genetic Analyser (Applied Biosystems), final 
Sequencing results were analyzed or aligned using various computer programmes: 
Clustal X (Thompson et al.1997), Gene Strider or Sequencer. 
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2.13.11 Preparation and Transformation of 
competent E. coli 
 
E.coli cells (Top 10 or DH5α) were grown in LB at 37 °C to an OD600 of 0.5, 
transferred to ice for 5 min, and pelleted at 3300 × g for 15 min at 4 °C. Cells were 
resuspended in 40 ml per 100 ml bacterial culture TfbI (AcOH to pH 5.8, 30 mM 
KAc, 100 mM RbCl2, 10 mM CaCl2, 50 mM MnCl2, 15 % (v / v) glycerol), pelleted, 
and resuspended again in 4 ml per 100 ml bacterial culture TbfII (KOH to pH 6.5, 10 
mM MOPS, 75 mM CaCl2, 10 mM RbCl2, 15 % (v / v) glycerol). All steps were 
carried out at 4 °C, and aliquots were snap frozen in liquid nitrogen and stored at - 80 
°C. For transformations, 50~100 μl aliquots of competent cells (for cloning using 
Top10, for protein expression using BL21) were thawed on ice and mixed with 
plasmid (from 50ng to 100μg). The cells were incubated for 10 min on ice, heat 
shocked for 60~90 seconds at 42 °C, then chilled on ice for 5 min. 500μl LB was then 
added and the cells were incubated on incubator with a shaking platform( at 
200RPM) at 37 °C for 1 h. After incubation, pipetting around 10~100 μl mixture 
(according to the concentration) and transferring to the LB agar plates containing the 
appropriate antibiotic, then spread the mixture gently and evenly in the plate.  
 
2.13.12 Expression and Purification of 
Recombinant Proteins 
 
E.coli BL21 cells were transformed with the appropriate plasmid DNA. One colony 
was picked and grown over night at 30 °C in 20 ml LB medium. The culture was then 
diluted 1 : 100 into LB medium and grown to an OD600 of approximately 0.5. 
Expression of the recombinant proteins was induced by the addition of 1 mM IPTG, 
and the cultures were incubated for 3 h at 37 °C or over night at 25 °C. Cells were 
pelleted and lysed for 30 min on ice in lysis buffer (50 mM Tris-HCL pH 8.0, 0.4 M 
NaCl, 1 % (v / v) NP-40, 0.5 % (w / v) deoxycholate, 1 mg / ml lysozyme, 200 μm 
PMSF, 1 mg / ml CLAP). For His-tagged proteins, buffers were supplemented with 
10 mM imidazole. After sonicating, cell debris were pelleted at 4000 × g for 20 min. 
The supernatant was added to glutathione sepharose beads (Amersham Biosciences) 
for GST fusions or nickel-NTA agarose beads (Qiagen) for His fusions. The lysate 
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was incubated with the beads for 1 h at 4 °C on a rotating wheel. The beads were then 
washed twice with lysis buffer (without lysozyme), once with wash buffer A (50 mM 
Tris-HCl pH 8.0, 0.4 M NaCl, 0.1 % (v / v) NP-40, 200 μm PMSF, 1 mg / ml CLAP), 
and once with wash buffer B (10 mM Tris-HCl pH 7.4, 150 mM NaCl). Proteins were 
eluted in wash buffer B supplemented with 20 mM reduced glutathione (GST fusions) 
or 250 mM imidazole (His fusions). Eluates were dialyzed against wash buffer B for 
2 h at 4 °C. Alternatively, proteins were directly boiled off the beads in SDS-PAGE 
sample buffer. 
For baculoviral expression of chromosomal passenger proteins and Plk-1, insect Sf-9 
cells were infected with appropriate combinations of the constructs according to the 
instructions supplied with the Bac-to-Bac Expression System (Invitrogen). After 48 h, 
complexes containing GST-aurora B, GST-INCENP, His-survivin, and His-borealin 
were purified on glutathione sepharose beads as described above. Ni-NTA agarose 




HeLa cells were harvested after a 20-h colcemid block by mitotic shake-off and lysed 
in IP buffer (50 mM Tris-HCl pH 8.0, 0.4 M NaCl, 0.5 % (v / v) NP-40, 0.1 % (w / v) 
deoxycholate, 30 μg / ml RNase A, 80 U / ml micrococcal nuclease (a gift of Jim 
Allan, University of Edinburgh, United Kingdom), 1 mM PMSF, 1 μg / ml CLAP) 
for 20 min on ice.  The cleared extract was incubated with affinity-purified anti-
borealin antibody R1647 or pre-immune serum R1647 cross-linked to protein A 
beads (Dynal Biotech) for 5 h at 4 °C on a rotating wheel.  The beads were washed 
twice with lP buffer without RNAse and micrococcal nuclease and once with 10 mM 
Tris-HCl pH 7.4, 150mM NaCl. Supernatant and beads were processed for SDS-
PAGE and the proteins transferred to nitrocellulose membranes for immunoblotting. 
Immunoprecipitations of aurora-B and borealin-GFP were carried out as described 




















CHAPTER III. RECONSTRUCTION OF 
CHROMOSOMAL PASSENGER COMPLEX 




















In recent years, a conserved chromosomal passenger complex (CPC) has emerged as 
a central regulator of key mitotic events (reviewed in Ruchaud et al. 2007; Vader et 
al. 2006; Vagnarelli and Earnshaw et al. 2004 and references therein).  The typical 
chromosomal passenger complex—composed of central INCENP as a backbone and 
its binding and regulatory subunits Borealin and Survivin at its N-terminus plus 
Aurora B at its C-terminus—together as a complex modulates multiple events during 
mitosis (see General Introduction above). During the journey of cell division, the 
chromosomal passenger complex displays some of the most visually striking patterns 
of behavior during mitosis. The complex associates with chromosomes early in 
mitosis and is released from the centromeres to the central spindle and equatorial 
cortex during anaphase. In cytokinesis, the CPC accumulates in the midbody and is 
eventually discarded with the intercellular bridge (reviewed in Ruchaud et al.2007 
and references therein). 
 
A key insight from our previous studies demonstrated that the passengers can form 
distinct sub-complexes for particular mitotic functions. In particular, the Borealin-
containing complex must be present for correction of kinetochore attachments and 
spindle stability (Gassmann et al. 2004), whilst an Aurora B and INCENP sub-
complex alone may control other events such as histone H3 phosphorylation. In 
addition, studies from Higgins lab indicate that Survivin may associate with the core 
histones (Johnathan Higgins lab unpublished data). Together, these interactions place 
the passenger complex at a pivotal position in mitotic regulation.  
 
Recent studies have concentrated on the precise mechanisms and contribution of each 
subunit in localizing the complex and how the complex directs mitotic events. Using 
RNAi methodology in cells does greatly increase our understanding of CPC 
regulation, however, this lengthy gradual knockdown of the protein might allow a 
different course of events to occur as the protein concentration gradually diminishes. 
In addition, traces of endogenous protein left in RNAi studies might also hinder our 
understanding of the true functions of each protein or their mutants, and might 
prevent the observation of a more drastic phenotype. Thus, we chose to use the 
vertebrate DT40 cell system to explore the passenger’s functions. This cell line is an 
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excellent tool for studying mitotic regulators.  First, the cell line is easy to culture and 
its cell cycle state can be easily controlled. Second, the exceptionally high 
recombination efficiency makes it a powerful system to do knockout experiments to 
study the functions of specific genes during cell division. Third, it provides the 
possibility to explore the roles of individual passenger structural mutants and 
isoforms. It can also be used for comparative biochemical analysis of uniform cell 
populations expressing or totally depleted of a targeted endogenous protein (see 
below). 
 
The first CPC knockout we made was a conditional Survivin knockout.  This was 
constructed using the traditional Tet-off induction system.  Later, a novel knockout 
strategy was developed in our lab.  This enabled us to knock out INCENP in this 
vertebrate cell line (see below, Earnshaw lab unpublished data). Nevertheless, 
dissection of the functions of individual CPC members was initially hampered by the 
fact that only INCENP and Survivin were identified in the chicken system, chicken 
Aurora B and Borealin were still missing from the data base. 
 
Our lab had been trying to identify chicken Aurora B unsuccessfully for a 
number of years.  This was hampered due to the fact that no sequences of chicken 
Aurora B had been revealed in the public database. (Even until today, there is still no 
full length chicken Aurora B EST sequenced and released in the Ensemble or NCBI 
database. cDNA library screening for the full length Aurora B sequence was also 
attempted, but no Aurora B clones were found.  Although vanishingly unlikely, this 
implied that Aurora B might not exist in chicken, and its function might be taken over 
by other passengers. This lack of a clone greatly hindered our lab’s efforts in studying 
the role of Aurora B in mitosis using the DT40 system, in particular, its role as a 
member of the chromosomal passenger complex in directing the mitotic events. This 
was also the case for chicken Borealin, for which we also did not have available 
clones. Thus, in order to study the CPC in DT40 cells, we needed to “reconstruct” the 
whole complex by identification of its members in this cell line.  This was the first 
motivation at the start of my Ph.D. 
 
The outstanding questions I have addressed in this section are whether a 
conserved chromosomal passenger complex also exists inside chicken DT40 cells, 
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and whether through this DT40 knockout system we may further explore the 
functional relationships between passenger proteins in mitosis and whether 













































3.2. Results and Discussion 
 
3.2.1 The Identification and Cloning of Aurora B 
in G.Gallus Genome 
 
In order to study the chromosomal passenger complex in DT40 cells, my initial effort 
was to try and identify the missing chicken Aurora B and Borealin homologue in this 
vertebrate cell line. Through collaboration with Dr. Dietlind Gerloff using 
bioinformatics and data searching programme, we had been able to identify a 
predicted fragment of chicken EST from the data base showing similarity to the 
human Aurora B kinase domain, which implied the possibility of the existence of 
Aurora B in the chicken genome.  Based on these initial predictions, I used a 
degenerate RT-PCR approach to look for the chicken homologue of Aurora B. I 
designed primers based on residues that are conserved among Aurora B homologues.  
In particular, I focused on the human, frog and fish Aurora B and chicken Aurora A, 
looking for residues at some positions that distinguish Aurora B from Aurora A 
(Fig.3-1A). Based on this analysis, I designed a series of specific primers to perform 
RT-PCR from total G. gallus total cDNA. I managed to amplify a highly specific 
partial cDNA encoding a 200-amino acid sequence (around 600 bp nucleotides). 
Sequencing analysis confirmed that the amplified sequence bears significant identity 
to Xenopus Aurora B, but exhibits distinct differences from chicken Aurora A (Fig.3-
1B).  This strongly suggested that Aurora B is indeed encoded by the chicken 
genome.  
 
I next continued to design several sets of probes to screen chicken cDNA libraries to 
clone the full length chicken Aurora B. However, initial extensive efforts screening a 
cDNA library for Aurora B were not successful.  This implied that the gene might not 
be abundantly expressed in chicken cells. My efforts therefore turned to using 
traditional RT-PCR combined with the RACE method to look for the full length 
chicken Aurora B.  Subsequently, a series of highly specific primers was designed 
based on the identified sequence. 5’ RACE (Fig.3-1C) was performed, and followed 
by sequencing analysis. This allowed me to further acquire the first 900 bp fragment 
of the putative chicken Aurora B cDNA. A similar approach was performed using 
3’RACE to look for the 3’end of the cDNA (see Fig.3-1D lower panel).  Eventually, 
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the full length putative Aurora B cDNA was finally acquired by RT-PCR using 
primers designed from 5’ and 3’ RACE sequences (Fig.3-1D & 3-1E). This chicken 
sequence isolated was 1074 bp in length, encoding a 358 aa polypeptide with a 
predicted molecular weight of 40 kDa (Fig.3-1E-F). 
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Figure 3-1. Identification and Molecular Cloning of Chicken Aurora B 
A. Alignment of the potential chicken Aurora B fragment with human Aurora B, and 
Chicken Aurora A, fish Aurora B. red arrows are the primers designed according to 
the analysis, see the text for details. B. RT-PCR of a partial Aurora B sequence using 
degenerate primers. C. Schematic diagram of cloning the Aurora B 5’-end using 
5’RACE. D. Schematic diagram of cloning the Aurora B 3’-end using 3’RACE. E-F. 
RT-PCR of full length Aurora B based on 5’ and 3’ RACE primers. AUAP = Abridged 
Universal Amplified Primer. PF1-7 and PR1-5 are forward/reverse gene specific 
primers designed according the partially identified Aurora B sequence. 
 
 
Comparison with human, frog, mouse Aurora B sequences revealed an overall 
identity of 69%, 67% and 65% respectively (see Fig.3-2A), and more than 85% 
identity with the known chicken Aurora A (see Fig.3-2B). The chicken protein 
possesses the typical features of Aurora kinase: the highly conserved kinase domain 
sharing around 82% identity with chicken Aurora A kinase domain and 90% identity 
with the frog Aurora B kinase domain.  Chicken Aurora B has a more divergent N-
terminal domain and also diverges at the very end of the C-terminal tail (see Fig. 3-
2A). This protein shares similar length with the Xenopus Aurora B N-terminus, and is 








Figure 3-2. GgAurora B-GFP shows a typical localization of passenger 
protein in mitosis 
A-B. Amino acid sequence alignment of full-length chicken Aurora B using Clustal-X. 
A. Sequence alignment of full length Gallus gallus/Homo sapiens/ Xenopus 
laevis/Mus musculus Aurora B.  Identical or conserved amino acids are indicated as 
a asterisk at the top.  B. Sequence alignment between full length Gallus gallus 
Aurora A and Aurora B using the Clusteral-X programme.  The kinases share a 
highly conserved kinase domain indicated by the red box, and less conserved C-
ternimi.  C. Behavior of GgAurora B-GFP in mitosis.  Images are shown from a stable 
DT40 cell line expressing GgAurora B-GFP. During metaphase, GgAurora B-GFP is 
found on the condensing chromosomes, and concentrated in the inner centromeres. 
During anaphase, the GgAurora B- GFP is associated with microtubule bundles in 
the central spindle and the inner surface of the plasma membrane in the cleavage 
furrow. During cytokinesis, GgAurora B-GFP is concentrated in the midbody. 
GgAurora B appears green. DNA (DAPI) is blue.  Microtubules are red. All images 
are taken at the same magnification. Scale bar is 5μm. 
 
 
3.2.2 G. Gallus Aurora B is a bona fide 
Chromosomal Passenger  
 
After initial identification of chicken Aurora B, the localization patterns of this 
putative chromosome passenger were further examined by a GFP tagging approach. 
The GFP-tagged fusion protein was first localized to the centromere regions of 
prometaphase and metaphase chromosomes (Fig. 3-2C, upper-panel). 
 
During anaphase, the GFP-tagged protein disappeared from centromeres and was 
relocalized to the spindle midzone (Fig.3-2C, lower panel). Finally, it concentrated in 
the midbody of cells undergoing cytokinesis (Fig.3-2C, lower panel). This dynamic 
localization pattern mimicked that of the chromosomal passenger proteins, including 
INCENP (reviewed in Carmena et al. 2003; Ruchaud et al., 2007).  
 
At the same time, I wanted to further confirm that the gene I had isolated on the basis 
of homology to known Aurora B genes was indeed the chromosomal passenger in 
chicken. I therefore raised a polyclonal antibody against two individual peptide 
sequences derived from the cloned chicken Aurora B protein sequence in order to 
confirm its localization and for subsequent functional analysis (Fig 3-3A). I first 
analyzed the specificity of the antibody by immunoblotting whole extracts from the 
chicken DT40 cell line (Fig. 3-3B). The purified antibody recognized a polypeptide 
migrating with an apparent molecular weight similar to the expected (39 kDa). Thus, 
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the purified antiserum recognizes specifically chicken Aurora B. Next, I performed 
immunostaining with the anti-Aurora B antibody on wild type DT40 mitotic cells (see 
Fig. 3-3C). The staining with this antibody clearly provided cytological evidence of a 
chromosomal passenger localization. All prometaphase and metaphase cells displayed 
distinct signals at the centromeres of the chromosomes.  As the cells progressed to 
anaphase, the signals became concentrated at the spindle midzone and finally at the 
midbody during cytokinesis. Thus, the chicken cDNA I have cloned is indeed the 
chicken homolog of Aurora B.  I therefore name it here, GgAurora B. 
 
Figure 3-3. GgAurora B behaves as a typical chromosomal passenger 
during mitosis 
A-C. Generation and Characterization of GgAurora B antibody. A. Schematic 
representation of the main domains in full length Gallus gallus (GgAurora B) and 
Xenopus laevis (XlAurora B). The indicated peptides from the GgAurora B N-
terminus and middle region as indicated were used for generation of polyclonal 
antibodies.  The numbers represent the starting and finishing amino acids for each 
sequence. B. Characterization of Aurora B polyclonal antibodies.  The red arrow 
represents the predicted size of Aurora B, which is 40 kDa. C. Staining of wild type 
mitotic DT40 cells GgAurora B antibody. GgAurora B is a typical chromosomal 
passenger in chicken cells.  It localizes to the centromeres during prometaphase/ 
metaphase, to the spindle midzone and the equatorial cell cortex during 
anaphase/telophase, and to the midbody during cytokinesis. GgAurora B appears 
green. DNA (DAPI) is blue.  Microtubules are red. All images are taken at the same 
magnification. Scale bar is 5 μm. 
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3.2.3 The Identification and Molecular Cloning 
of Borealin/Dasra B and Dasra A in the G. gallus 
Genome 
 
A key insight from our former studies demonstrated that the passengers may form 
distinct sub-complexes for particular mitotic functions. In particular, a Borealin-
containing complex must be present for correction of kinetochore attachments and 
spindle stability, whilst Aurora B and INCENP alone may control other events such 
as histone H3 phosphorylation. Together, these interactions potentially place Borealin 
at a pivotal position in mitotic regulation.  
 
The role of Borealin in mitotic function has yet to be fully elucidated. In order to take 
advantage of DT40 cells, and study chromosomal passenger complex using this 
system, I started to identify and clone the chicken homologue of Borealin. Based on 
the previous data of the Borealin sequence of human and Xenopus (two forms were 
found in frog and called Dasra A & Dasra B respectively, Sampath et al. 2004). Here, 
I will refer to Borealin Class 1 as GgBorealin/GgDasra B, and Borealin Class 2 as 
GgDasra A.  
 
The existence of a GgBorealin/GgDasra B cDNA was confirmed by identifying a 
chicken EST with high homology to human and mouse Borealin. I therefore designed 
several sets of primers in an attempt to clone full-length chicken cDNAs 
corresponding to this protein. As expected, full length Borealin Class 1 was readily 
acquired through RT-PCR (see Fig.2-4A). Sequencing analysis further confirmed that 
it was indeed the full length chicken Borealin Class 1 cDNA (see Fig. 3-4B). 
GgBorealin shares overall a 51% identity with human Borealin, 55% with original 
frog Dasra B and 46% with mouse Borealin (Fig.3-5A). However, sequencing 
analysis of the GgDasra A revealed that the published predicted sequence of this 
cDNA was not accurate due to data-base errors (Gassmann et al. 2004). Based on the 
analysis of the chicken genome database, I predicted that GgDasraA should be around 
1047 bp in length. Several new sets of PCR primers were designed based on the 
various chicken EST sequences. I have now been able to acquire the full length 
Borealin Class 2/GgDasra A cDNA through a single round of RT-PCR (see Fig.3-
4B). Interestingly, as in Xenopus (Sampath et al.2004), I found that GgBorealin and 
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GgDasra A share a low similarity - less than 15% overall identity. This suggests that 
they might have distinct functions during mitosis. Initial analysis from crude antisera 
revealed that GgDasra A might turn out to be a centrosomal protein in chicken. 
However, this requires further experiments to confirm this result. Further functional 
studies will be required to reveal its mitotic function. In this thesis, I will focus on the 




Figure 3-4. Identification and Cloning of Gallus gallus Borealin 
Class1/Dasra B and Borealin Class 2/Dasra A 
 
A. Acquisition of the full-length (F.L.) Borealin Class 1/Dasra B through RT-PCR.  B. 
Acquistion of the full-length (F.L.) Borealin Class 2/Dasra A through RT-PCR. C. 
Sequence alignment between full length Gallus gallus Borealin Class 1 and Class 2 
using the Cluster-X programme.  The two share relatively conserved N-terminal 






Figure 3-5. Sequences Analysis of Gallus gallus Borealin Class1/ 
Dasra B and Borealin Class 2/Dasra A 
A. Amino acid sequence alignment of full-length (F.L.) Gallus gallus/Homo sapiens/ 
Xenopus laevis/Mus musculus Borealin Class 1/Dasra B using the Clustal-X 
programme.  These proteins share relatively conserved N-termini, but less 
conserved C-termini.  B. Amino acid sequence alignment of full-length (F.L.) Gallus 
gallus and Xenopus laevis Borealin Class 2/Dasra A  and Drosophila melanogaster 
Australin/Aust/Dasra A using the Clusteral-X programme (below).  These proteins 
share low sequence similarity.  Identical or conserved amino acids are indicated with 







3.2.4 GgBorealin Behaves as a Typical 
Chromosomal Passenger in DT40 Cells 
 
To determine the cytoplasmic distribution of GgBorealin, both GFP and SBP fusion 
proteins were made respectively and stably expressed in wild type DT40 cells. The 
GFP fusion of GgBorealin showed a localization pattern during mitosis identical with 
that of chromosomal passenger proteins. It appeared on the chromosome arms and the 
inner centromeres in prophase (Fig. 3-6A) and concentrated at the inner centromeres 
during metaphase. It then relocated to the spindle midzone at anaphase onset and 
remained at the midbody throughout telophase and cytokinesis. Similar to the 
observation for the human Borealin-GFP (Gassmann et al. 2004), due to the over 
expression, some GFP-Borealin remained on the chromatin in anaphase and 
cytokinesis. Similar results were observed with the SBP fusion of GgBorealin. 
INCENP staining colocalized with SBP-GgBorealin throughout cell division (Fig.3-
6B). A polyclonal antibody was raised against full length GgBorealin for functional 
analysis of endogenous chicken Borealin (Fig.3-7A, B-B’). Affinity-purified rabbit 
polyclonal antibody raised against the full-length protein recognized a protein of the 
expected size (30 kD) on immunoblots of DT40 whole cell lysates (Fig.3-7C). 
Indirect immunofluorescence confirmed the dynamic localization of this protein in 
mitosis (Fig. 3-7D). In conclusion, these results demonstrate that the protein, which 











Figure 3-6. Tagged-GgBorealin Class1/Dasra B Behaves as a Typical 
Chromosomal Passenger during Mitosis 
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A. Behaviour of GgBorealin Class1/Dasra B-GFP (GgBorealin-GFP) in mitosis.  The 
figure shows images from a stable DT40 cell line expressing GgBorealin Class1/ 
Dasra B-GFP. During metaphase, GgBorealin-GFP is found on the condensing 
chromosomes, and concentrated in the inner centromeres.  During anaphase, the 
GgBorealin-GFP is associated with microtubule bundles in the central spindle and 
the inner surface of the plasma membrane in the cleavage furrow. During 
cytokinesis, GgBorealin-GFP is concentrated in the midbody.  Exogenous Borealin-
GFP partially stays with DNA throughout the cell cycle including interphase (A’).  This 
behavior is the same as GFP-tagged human Borealin( Gassaman et al.2004). 
GgBorealin-GFP appears green. DNA (DAPI) is blue.  Microtubules are red. All 
images are taken at the same magnification. Scale bar is 5μm. B. Localization of 
SBP-GgBorealin Class1/Dasra B(SBP-Borealin) during mitosis in a stable cell line. 
SBP-Borealin shows a typical dynamic chromosomal passenger localization.  SBP-
Borealin co-localizes with endogenous INCENP during mitosis SBP-Borealin 
appears green. DNA (dapi) is blue. Microtubules are red. All images are taken at the 
























Figure 3-7. GgBorealin Behaves as a Typical Chromosomal Passenger 
during Mitosis 
A. Full length GST-Borealin Class1/Dasra B(GST-Borealin) was expressed in E. coli. 
B-B’. The GST-Borealin band is, indicated by the red arrow, was purified and used 
as antigen to immunize a rabbit in order to generate polyclonal anti-Borealin 
antibody. C. Characterization of Borealin polyclonal antibodies. Whole cell lysates 
were immunoblotted with crude Borealin antiserum. The red arrow in the left panel 
(C) indicates Borealin (3 3kDa).  C’. After purification, the affinity-purified antibody 
specifically recognized the 33 kDa band in the whole cell extracts. The image shown 
here is the whole cell extract blotted with both anti-a-tubulin (upper band) and anti-
borealin(lower band) antibodies. D. Staining with affinity-purified GgBorealin antibody 
in DT40 wildtype cells confirms that GgBorealin is a typical chromosomal passenger 
in chicken cells.  GgBorealin localizes to the centromeres during 
prometaphase/metaphase, to the spindle midzone and the equatorial cell cortex 
during anaphase/telophase, and to the midbody during cytokinesis, GgBorealin 
appears green. DNA (DAPI) is blue.  Microtubules are red. All images from wild type 
DT40 cells were taken at the same magnification. Scale bar is 5μm. 
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3.2.5 Survivin is Required for the Correct 
Localization of Aurora B and Borealin to 
Centromeres  
 
Since the four key passengers, Aurora B, INCENP, Survivin and Borealin, have now 
been identified in chicken cells, I am now able to biochemically dissect the regulation 
of passenger proteins and the behavior of this passengers complex in directing the 
mitotic events in the DT40 system. Here, I describe the primary functional analysis of 
GgAurora B and GgBorealin using a conditional Survivin knockout cell line (Yue et 
al. 2008). A list of Survivin mutants that I made for the published study have been 
described in our coming JCB paper), and I will not describe them further in this 
thesis.  
 
To determine whether or not GgAurora B and GgBorealin exhibit functional 
interactions with GgSurvivin in chicken cells, I exploited the mutual interdependence 
of these proteins for their localization in vivo using the conditional Survivin knockout 
cell line. Upon adding doxycycline for 24 hours, most endogenous Survivin was 
efficiently depleted (Fig.3-8A, and Fig.3-9A) and the protein became undetectable by 
48 hours (referred as SurvivinOFF - Yue and Carvalho et al. 2008; see Fig 3-6A).  This 
allowed me to study the behavior of the other passengers in the absence of Survivin. 
 
In control conditional knockout cells in the absence of doxycycline (SurvivinON), 
chicken Aurora B shows a typical passenger distribution throughout mitosis (Fig. 3-
8C). So do INCENP and Borealin (see Fig.3-9C). Interestingly, in the absence of 
Survivin, Aurora B spreads along the chromosomes arms and localizes diffusely in 
the cytoplasm in mitosis (Fig.3-8D).  These observations are consistent with previous 
data using Surivivn RNAi (Carvalho et al. 2003). Similarly, Borealin is also 
delocalized in all SurvivinOFF cells, being even more diffusely distributed in the 
cytoplasm (Fig.3-8F). We conclude that Survivin is required for the correct targeting 
of Aurora B, Borealin (and presumably INCENP) to centromeres and the spindle 
midzone.  This suggests that the chromosomal passengers are functionally linked and 




















Figure 3-8. GgSurvivin is Required for Correct Localization of GgAurora 
B and GgBorealin during Mitosis 
 
A. Localization of Survivin in Survivin conditinal knockout cells in the absence of 
doxycycline (SurvivinON). B. Survivin is not detected in the presence of doxycycline in 
Survivin conditional knockout cells(SurvivinOFF). A, B. GgSurvivin appears green. 
DNA (dapi) is blue.  Microtubules are red. C. Localization of Aurora B in conditional 
Survivin knockout cells in the absence of doxycycline (SurvivinON). D. Survivin 
depletion causes the mislocalization of GgAurora B. C, D. GgAurora B appears 
green. DNA (dapi) is blue.  Microtubules are red.  E. Localization of Borealin in 
Survivin conditional knockout cells in the absence of doxycycline (SurvivinON). F. 
Survivin depletion causes the mislocalization of GgBorealin. E, F. GgBorealin 
appears green. DNA (dapi) is blue. Microtubules are red. All images from DT40 cells 
with a conditional knockout of Survivin were taken at the same magnification. Scale 














3.2.6 Survivin is Crucial for Protein Stabilities of 
Other Passenger Proteins 
 
Our lab generated two independent conditional Survivin knockout cell lines in which 
the Survivin rescue constructs were regulated by different promoters and Survivin 
was subsequently expressed at different levels (data not shown, Yue et al., 2008). For 
the SVN-KO2, Survivin was over expressed compared to wild type cells (Fig. 2-9B, 
lower panel), in contrast, in another cell line, SVN-KO1, Survivin was expressed at a 
level close to that in wild type cells. Characterization of these two cells line yielded 
very similar results (data not shown; see Yue and Carvalho et al. 2008). I verified the 
protein levels of Aurora B, INCENP and Borealin in the absence of Survivin using 
both independent knockout cell lines. Upon adding doxycycline, endogenous 
Survivin was efficiently removed (Fig. 3-9B, lower panel). Cells lacking survivin 
showed reduced levels of INCENP and Borealin (Fig. 3-9A and B).  Thus, Survivin is 
required for the correct localization (see above) and protein stability of INCENP and 
Borealin. Strikingly, in the absence of Survivin, Aurora B levels seemed relatively 
less affected, with some minor degradation probably due to the presence of dying 
cells in the protein extracts.  These data thus suggest that the stabilities of Aurora B 









Figure 3-9. Analysis of the levels of INCENP, Aurora B and Borealin in 
the absence of Survivin 
A. Levels of INCENP Class 1 & 2 in the absence of Survivin.  B Levels of Aurora B 
(2nd upper panel) and Borealin in the absence of Survivin. α-tubulin was used as a 





























CHAPTER IV. INTRINSIC MODULATION 
WITHIN CHROMOSOMAL PASSENGER 
COMPLEX DIRECTED BY INCENP-
AURORA B INTERACTION REVEALS HOW 

















The success of mitosis depends to a large degree on the integration of chromosomal 
and cytoskeletal behaviors controlled by different cellular proteins at the appropriate 
time of the cell cycle.  In recent years, it has emerged that the passenger proteins 
formed a conserved complex that appears to be the key regulators of crucial mitotic 
events including chromatin modification, ensuring correct kinetochore microtubule 
attachments, regulating sister chromatid cohesion and allowing the completion of 
cytokinesis (Vagnarelli and Earnshaw et al.2004; Ruchaud et al.2007).  
. 
Indeed, the functional analysis of kinetochore proteins in vertebrates using DT40 cells 
has greatly improved our understanding of kinetochore structure, assembly and 
functions in guiding cell division. In order to further investigate the pleiotropic roles 
of INCENP and the behaviours of other passengers in mitosis, we have taken 
advantage of the DT40 system to generate conditional knockout cells deficient for 
INCENP protein.  This was done using a novel knockout technique termed the 
“promoter hijack” technology. This powerful system permitted us to perform a 
biochemical and phenotypic analysis to further explore the functions of structural 
mutants of INCENP in an INCENP-null background in vivo. The studies that I 
describe here represent our initial steps towards using this system to determine the 
biological roles of INCENP. 
 
The analysis of INCENP-null cells should allow us to elucidate the involvement of 
this protein in mitotic cell division and spindle assembly. Following the 
reconstruction of the whole chicken passenger complex (INCENP-Aurora B-
Borealin-Survivin) in our model system(see above for : Identification of chicken 
Aurora B and Borealin Class 1 &2), I am now able to study the CPC in DT40 system. 
In particular, through the characterization of INCENP structural mutants, these 
studies enable us to understand the intrinsic mechanism of how the passenger 
complex travels to the spindle midzone from the inner centromere, and how these 





4.2.1 Acute Disruption of INCENP Function in 
DT40 Cells 
 
To determine the exact biological role of INCENP in the regulation of cell division 
and overcome the embryonic lethality of INCENP deficiency (Cutt et al.1999) , we 
started our study by creating a conditional allele of the INCENP gene.  This was done 
using a novel gene targeting technology termed the “promoter hijack” strategy in 
DT40 cells. Functionally identical to human INCENP, the chicken INCENP is 
encoded by Class 1 and Class 2 transcripts derived from the same RNA primary 
transcript by alternative splicing (Mackay et al. 1993). To inactivate the INCENP 
gene in DT40 cells, our lab invested more than 4 years of extensive efforts to knock 
out INCENP using the conventional Tet-Off induction system. This failed to yield a 
knockout, and in order to overcome the difficulties encountered, we recently 
developed a gene disruption strategy termed “promoter hijack” to enable the 
conditional knockout of multiply spliced essential cell cycle genes (Samejima et 
al.2008).  This approach allowed us successfully to knock out KIF4A in DT40 cells 
and study its function (Samejima et al, 2008) . The strategy was subsequently used to 
target the promoter region of the INCENP gene (further technical details will not be 
revealed in this thesis, the details of the strategy will be further described in the 
coming publication), thus permitting doxycycline (Dox)-mediated conditional 
regulation of INCENP expression. Correct targeting and the presence of loxP sites 
flanking the INCENP promoter region were verified by polymerase chain reaction 
(PCR) and Southern blot analysis (data of Kumiko Samejima and Hiromi Ogawa not 
shown).  
 
In this INCENP conditional cell line, the expression of INCENP is driven by the 
tTA under control of a Kif4A promoter fragment.  As a result, INCENP is around 20 
times over expressed as assessed by series of titration immunoblots (data from 
Kumiko Samejima). Cellular analysis by staining the conditional cells with antibodies 
to the passengers (INCENP, Aurora B, Borealin and Survivin) and other cellular 
proteins reveal that they can all localize correctly compared to control cells.  
However, the passengers also localize to the chromosome arms in addition to their 
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typical inner centromere localization during early mitosis due to the INCENP over 
expression (data not shown).  Subsequent detailed analysis of the cell line also 
revealed that the INCENP conditional knockout cells are phenotypically equivalent to 
wild type cells (see below). Importantly, in the absence of doxycycline, the INCENP 
conditional knockout cell line (INCENP KNOCKOUT–dox) grew normally and 
displayed no significant cell division defects. The proliferation pattern of the 
conditional cells was indistinguishable from that of wild-type cells (Fig. 4-1C). Thus, 
the conditional allele appeared to be wild-type for INCENP function prior to the 
addition of doxycycline.  
 
When exponentially growing INCENP conditional knockout cells were treated with 
doxycycline, more than 95 % of INCENP gene transcription was acutely shut down 
within 24h (Kumiko Samejima, data not shown). Both INCENP class 1 & class 2 
proteins were hardly detectable 28 hours after adding doxycycline (Fig. 4-1A, B&D). 
We did not observe any inhibitory or growth-promoting effect of doxycycline on the 
proliferation of wild-type cells, indicating that, at the dose used in this study, 
doxycycline (dox) is not cytotoxic and does not cooperate with loss of INCENP in 
mitotic deregulation (data not shown). In summary, we have developed a system to 
eliminate INCENP function efficiently in DT40 cells. This system has allowed us to 
evaluate the specific role of INCENP in cell division. 
 
Throughout this thesis, I use the nomenclature WT to refer to wild-type cells, and 
INCENPON to refer to the INCENP conditional knockout cells while grown in the 
absence of doxycycline. The nomenclature INCENPOFF, or INCENP deficient, refers 
to INCENP conditional knockout cells incubated in the presence of doxycycline for at 









4.2.2 INCENP is Required for Accurate 
Chromosome Segregation in DT40 Cells 
 
4.2.2.1 INCENP is Essential for Cell Viability 
 
I next sought to investigate how overall cell morphology and viability are affected 
in the absence of INCENP. Upon the addition of doxycycline, I performed 
immunoblot analysis to assess changes in levels of INCENP protein using a well 
defined mouse monoclonal INCENP antibody, 3D3 (Cooke et al., 1987). This 
antibody specifically recognizes both INCENP Class 1 (96kD) & Class 2 (101kD). 
Endogenous INCENP became hardly detectable within 24 hr of adding doxycycline 
(Fig. 3-1D). The depletion of INCENP was further confirmed by indirect 
immunofluorescence. No detectable INCENP could be seen on the chromosomes of 
INCENP-deficient cells treated for 28 hr with doxycycline (Fig. 4-1B). In parallel, 
scoring of cell viability indicated that wild-type, and the INCENP conditional 
knockout cells (INCENPON) cells grew normally in the absence of doxycycline. 
INCENPOFF cells, however, ceased growth at 24 hr after the addition of doxycycline 
and started to die.  Finally at 48 hr after the addition of doxycycline almost all the 
cells underwent cell death (Fig. 4-1C). An Annexin V assay was used to assess the 
loss of membrane asymmetry as an early marker of apoptosis.  This showed that at 36 
hours after the addition of doxycycline, 60% of the INCENPOFF cells were Annexin 
V-positive and this number increased to more than 80% by 48 hours after the addition 
of doxycycline (data not shown, Kumiko Samejima unpublished data). Thus, 










Figure 4-1. Initial Characterization of INCENP conditional Knockout Cell 
Line 
A-B. Immunofluorescence analysis of INCENP conditional cell line. A. Localization of 
INCENP in INCENPON cells, INCENP shows a typical chromosomal passenger 
dynamic localization throughout mitosis. B. INCENP was not detectable in the 
INCENP-deficient cells, even when the gain was boosted on the red channel (inset 
[Where is the inset?]). (panel shows cells after doxycycline incubation for 28 hrs). 
Cells were stained for INCENP (green), tubulin (red) and DNA (blue). Scale bar, 
5μm. C. Growth Curve of WT, INCENPON and INCENPOFF cells. WT and conditional 
INCENPON cells have a similar proliferation rate in the absence of doxycycline. After 
the addition of the drug, INCENPOFF cells ceased to proliferate after 24 hrs. D. 
Endogenous INCENP is efficiently depleted by 20 hr after addition of doxycycline. α-








4.2.2.2 INCENP is Essential for Proper Mitotic 
Progression in DT40 Cells 
 
For quantitative analysis, the INCENP conditional knockout cells were fixed every 
12 hours after the addition of doxycycline and stained with DAPI, tubulin and 
GgAurora B antibodies. Microscopic observation of fixed cells revealed that a high 
percentage of the interphase cells after 24 hours of adding doxycycline had more than 
one nucleus. The percentage of binucleated (=2n) and multinucleated cells (>2n) was 
similar in the WT and INCENPON cells prior to the addition of doxycycline (Fig.4-
2B&C). After addition of doxycycline, the INCENPOFF cells started to undergo 
multinucleation and the percentage of multinucleated interphase (both 2n and more 
than 2n) increased dramatically (Fig. 4-2B&C). By 48 hr after the addition of 
doxycycline more than 95% of the INCENPOFF interphase cells had become either 
binucleated or multinucleated (primarily binucleated cells (=2n)). We have live cell 
movies that demonstrate the INCENPOFF showing failure in cytokinesis. These cells 
were not able to finish cytokinesis and fused back when they tried to divide, and 
formed a binucleated (=2n) interphase cells (data from Sandrine Ruchaud). The 
appearance of the mutilplenucleated cells (>2n) could possibly a secondary effect that 
came from the second cell cycle of those binucleated cells.  
 
Interestingly, as shown in the scoring of the mitotic index, INCENPOFF cells 
appeared to progress into mitosis with essentially normal timing compared to control 
cells (Fig. 4-2A). Furthermore, staining of the cells with antibodies to Lamin B1 did 
not reveal any noticeable differences in nuclear envelope breakdown (Fig.4-8), 
further confirming that disruption of INCENP function has no detectible effects on 
mitotic entry. Quantitation of the earlier (prophase, prometaphase and metaphase) and 
later (anaphase, telophase and cytokinesis) stages of mitosis was also performed (Fig. 
4-3). INCENPOFF cells can enter prophase with no differences comparing to the 
control cells (Fig. 4-3A). However, while cells appeared to be able to reach 
metaphase normally, chromosome segregation subsequently failed, as indicated by a 
progressive accumulation of INCENPOFF cells in prometaphase/metaphase along with 
a striking decrease of cells in late stages of mitosis (from anaphase to telophase and 
cytokinesis)(Fig.4-3B-E).  This indicates that the INCENPOFF cells exit mitosis 
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without successfully completing cytokinesis. Taken together, these results confirm 
that INCENP is not required for the initiation of mitotic entry, and that cells can still 
reach metaphase in the absence of INCENP. It is likely that the spindle checkpoint in 
this case may not function efficiently to correct the kinetochores-microtubules 
misattachment due to the diminished Aurora B activity, however, this still requires 
further investigation (Fig. 4-6 and 4-7, see below). Taken together, INCENP is 
required for proper chromosome segregation and mitotic progression.  
 
 
Figure 4-2. Role of INCENP in Chromosome Segregation 
A. Mitotic Index of WT, INCENPON and INCENPOFF cells.  B-B’’. INCENP-deficient 
cells become multinucleated. B. Immunofluorescence images of binucleated (=2n) 
and multinucleated (>2n) INCENPOFF cells. Tubulin is red and DNA is blue. B’. 
Quantitative analysis of binucleated cells in INCENPOFF culture. B’’. Quantitation of 




Figure 4-3. Role of INCENP in Mitotic Progression 
A-E. Distribution of mitotic phases (A. Prophase, B. Prometaphase and metaphase, 
C. Anaphase, D. Telophase, E. Cytokinesis) in INCENPOFFcells after doxycycline 
treatment. WT and INCENPON cells were used as controls throughout all 
experiments. Time points were taken at 0, 12, 24, 36 and 48 hrs after the addition of 
doxycycline. Cells stained for DNA, Aurora B and microtubules  were scored in 













4.2.2.3 Disruption of INCENP Function Causes 
Mislocalization and Affects the Stabilities of 
Chromosomal Passengers during Mitosis 
 
After successfully identifying the chicken homologues of Aurora B and Borealin, I 
am now able to study the behavior of all the passenger subunits in the DT40 cells. I 
start to examine the cellular localizations of three other chromosomal passengers in 
the absence of INCENP. After disrupting INCENP function in the cells, Aurora B, 
Borealin and Survivin are no longer able to localise in the inner centromere and they 
fail transfer to the spindle midzone (Fig. 4-4).  Instead, these passengers spread 
diffusely throughout the whole cell. As expected, the chicken CPC can localize 
properly in the control cells, indicating that the functional interdependence of the 
passengers is highly conserved in vertebrate cells. Concomitantly, I performed 
immunoblots to verify the protein stabilities. As endogenous INCENP gradually 
disappeared following the addition of doxycycline, the protein levels of Aurora B, 
Survivin and Borealin were also gradually reduced (Fig. 4-5). This observation is 
consistent with the stability studies of human passengers in INCENP RNAi depletion 
experiments.  There Aurora B, Borealin and Survivin levels were also reduced 
together after INCENP depletion (Honda et al. 2003; Klein et al. 2006). Together, 
these data in chicken cells indicates that, in vertebrates, the regulation of passenger 



















Figure 4-4. INCENP is required for Correct Localization of Aurora B, 
Survivin and Borealin 
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A-C. DT40 cells were stained with antibodies recognising different chromosomal 
passengers (green), microtubules (red) and DAPI for DNA(blue). A. In the absence 
of INCENP, Aurora B (green) is mislocalized, and is not able to localized to 
centromeres or the spindle midzone. B. Mislocalization of endogenous Survivin 
(green) in INCENPOFF cells. C. Endogenous Borealin is mislocalized in INCENPOFF 
cells. Scale bar, 5 μm. 
 
 
Figure 4-5. INCENP is Required for Maintaining the Stability of Survivin, 
Borealin, and Aurora B 
Immunoblots results showing level of endogenous Aurora B, Survivin and Borealin in 
response to INCENP disruption. A. After addition of doxycyline, conditional INCENP 
knockout cells were harvested at 0, 12, 24, 36 and 48hr, level of endogenous Aurora 
B, Survivin, Borealin and H3T3ph were shown, Aurora B kinase activity was 











4.2.3 INCENP is Required for the Maintaining 
Proper Mitotic Spindle Dynamics  
 
4.2.3.1 Disruption of INCENP in Mitosis Increased  
Number of Cells with Abnormalities in Spindle  
Assembly  
 
The mitotic spindle controls both the movements of segregating chromosomes 
during anaphase and the division of cells in cytokinesis. Previous studies showed that 
human Borealin RNAi promotes the formation of ectopic spindle poles (Gassmann et 
al. 2004).  Studies in Xenopus egg extracts after INCENP depletion also indicated 
that the chromosomal passenger complex is required for the stabilization of 
chromatin-nucleated microtubules in an in vitro system (Sampath et al. 2004). To 
analyze the effects of INCENP depletion on mitotic spindle structure, I stained 
mitotic cells with antibodies to either Aurora B and α-tubulin plus DAPI or gamma-
tubulin and Aurora B plus DAPI. Closer examination of mitotic spindle phenotypes in 
INCENP-deficient cells revealed that in addition to the main bipolar spindle in the 
mitotic cells, a large number of mitotic cells started to exhibit ectopic asters, 
abnormal microtubule bundles and increased centrosome numbers (>2) (Fig. 4-8C), 
scoring of this kind of cells revealed that cells with multiple spindle poles (>2 poles) 
increased dramatically while INCENP efficiently depleted after the addition of 
doxycycline (Fig. 4-8C).  This might suggest that INCENP plays an important role in 
the regulation of spindle assembly. Indeed, another possibility for the observed 
phenotype could also come from secondary effects of binucleated cells (=2n) 
undergoing multiple cell cycle but failed in cytokinesis.  
 
To further investigate the effects of these spindle abnormalities on mitotic 
chromosome dynamics, we are presently examining the conditional cells following 







Figure 4-6. Disruption of INCENP Specifically Reduces the Levels of 
H3S10ph and H3S28ph 
A-B. Immunofluorescence images showing INCENPON (A) and INCENPOFF (B) cells 
stained with specific antibodies recognizing H3S10ph (green) and H3S28ph (red) 
plus DAPI for DNA (blue). INCENPON and INCENPOFF cells were harvested and fixed 
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at the same time. Images were taken using precisely the same microscope settings 
in all experiments.  Scale bar, 5 μm.  
 
       
Figure 4-7. Disruption of INCENP does not Reduce the Level of H3T3ph 
A-B. Immunofluorescence images showing INCENPON (A) and INCENPOFF (B) cells 
stained with specific antibodies recognizing H3T3ph (green) and H3S28ph (red) plus 
DAPI for DNA (blue). INCENPON and INCENPOFF cells were harvested and fixed at 
the same time. Images were taken using precisely the same microscope setting.  
Scale bar, 5 μm.  
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4.2.3.2 INCENP is Required for Normal Spindle 
Elongation 
 
At the onset of anaphase, replicated chromosomes are separated by moving from the 
metaphase plate to the bipolar spindle pole (anaphase A) and by the elongation of the 
mitotic spindle (anaphase B) (see General Introduction above). However, the 
mechanisms that coordinate these activities are largely unknown. In the absence of 
INCENP, Aurora B kinase activity was reduced dramatically as indicated by the 
levels of staining of H3S10ph and H3S28ph (Fig. 4-6 & Fig. 4-7). In contrast, 
immunoblots and immunofluorence staining of H3T3ph in INCENPOFF cells 
remained similar that in control cells. Extensive studies have revealed that Aurora B 
kinase activity plays a direct role in the spindle checkpoint, which monitors the 
kinetochore-microtubule attachments mediated by the KMN network (reviewed in 
Ruchaud et al.2007; Cheeseman et al. 2008 and references therein). Thus, one might 
predict that the spindle checkpoint activated in INCENPOFF cells would be unlikely to 
be able to function properly and effectively. As a result, kinetochore-microtubule 
misattachments may appear and not be able to be effectively corrected due to loss of 
efficient corrections following the reduction of Aurora B kinase activity.  I therefore 
speculated that in the absence of INCENP, mitotic spindle forces might not be able to 
effectively pull the sister chromatids apart due to persistent improper kinetochore-
microtubule attachments, and this might ultimately lead to defects in spindle 
elongation. 
 
In order to investigate the role of INCENP in spindle elongation, I measured the 
distance between the spindle poles of bipolar spindles stained with antibody to 
gamma-tubulin.  I compared this with the width of these same anaphase cells (Fig. 4-
8A & 4-8B). After measurements were performed in at least three independent 
experiments, these results revealed that INCENPOFF cells share a similar cell width 
with control cells (Fig. 4-8B, Y-axis). Interestingly, the distance between the spindle 
poles was shortened dramatically in the absence of INCENP function (Fig. 4-8B, X-
axis). Together, these results indicated that INCENP function is important for proper 
spindle elongation during anaphase B, and that this is not simply due to changes in 
the overall cell size. Interestingly, elegant studies of Polo kinase/Plk1 in vertebrates’ 
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cells revealed that PLK1 is essential for the regulation of mitotic spindle dynamics 
(reviewed in Barr et al. 2004 and references therein).  Recent development of specific 
PLK1 inhibitors further indicates that PLK1 activity at anaphase onset may be 
necessary for normal spindle elongation (Brennan et al.2007). Besides, it has also 
been revealed that INCENP needs to be phosphorylated by PLK1 to ensure a normal 
timing of the metaphase-anaphase transition (Goto et al.2005). 
 INCENP is required for the proper spindle elongation in anaphase, and I 
therefore propose that this function is likely executed through the modulation of Plk1 










Figure 4-8. INCENP is Required to Maintain Proper Spindle Elongation 
A. Measurement of the distance between bipolar spindle poles in INCENPON and 
INCENPOFF cells. Immunofluorescence images showing cells stained with antibodies 
gamma-tubulin for spindle poles (green) and lamin B1 (red) plus DAPI for DNA 
(blue).  All anaphase cells were strictly selected only when both bipolar spindle poles 
were in the same plane, and in a straight line. The distance (μm) was measured with 
the 3D measurement software (Cell Analyzer) and 2D measurement (DV Startworx). 
Images were all taken using the same magnification. Measurements were performed 
in three independent experiments. Scale bar is 5 μm. B. Measurements of cell width 
(μm) vs spindle pole separation (μm) in anaphase cells.  C. Quantitation of mitotic 
cells with multiple spindle poles. Cells stained for DNA, Aurora B and microtubules 






4.2.4 Ectopic Replacement of INCENP and Restoration 
of INCENP Function in INCENP Conditional 
KNOCKOUT Cells 
 
An important application for the INCENP conditional knockout in DT40 cells is to 
create a cell line in which we would be able to test the role of structural mutants of 
the INCENP protein in an INCENP-null background. Thus, we needed to test first 
whether the knockout phenotype is rescued when exogenous wild type INCENP is 
expressed in cells following the shut-off the endogenous INCENP gene. Surprisingly, 
it turned out that either INCENP class I or II alone is sufficient to support the growth 
of this conditional cell line in the absence of endogenous INCENP (data not shown).  
More importantly, the exogenous protein showed typical passenger localization.  
 
In order to monitor the behavior of INCENP and to conduct subsequent biochemical 
studies of the CPC, we stably transfected the knockout cells with a plasmid carrying 
the wild-type (WT) chicken INCENP class 1 cDNA fused at its N-terminus with a 
triple tag (His-SBP-S tag triple tags).  I will refer to this construct as TrAP-
INCENPWT (or SBP-INCENPWT) and TrAP-INCENPMutants (or SBP- INCENPMutants) 
for engineered INCENP structure mutants (see below). The transcription of this 
construct is under the control of a CMV promoter without tetO sequences and 
therefore the expression is not repressed in the presence of doxycycline. Knockout 
cell lines stably expressing TrAP-INCENPWT were grown in the absence or presence 
of doxycycline (INCENPON:TrAP-INCENPWT and INCENPOFF:TrAP-INCENPWT, 
respectively).  The expression ofTrAP-INCENPWT in these cells was monitored by 
immunoblotting and immunofluorescence using the highly specific INCENP 

















Figure 4-9. INCENP Class 1 is Sufficient to Keep DT40 Cells Alive  
A. Growth curves of DT40 cells in the presence and absence of doxycycline. 
Conditional INCENPON/OFF cells stably expressing wild type TrAP- INCENPWT Class 1 
in the presence or absence of endogenous INCENP were counted every 12 hours. 
Cultures expressing TrAP-INCENPWT show a growth rate indistinguishable from wild 
type control cells. B-D. In the absence of endogenous INCENP, exogenous TrAP-
INCENPWT colocalized with endogenous Aurora B (B). Survivin (C), and Borealin (D). 
Exogenous TrAP-INCENPWT was stained with anti-SBP (red).  Cells were also 
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stained with antibodies to Aurora B, Survivin or Borealin (green), plus DAPI to label 
DNA (blue). Scale bar is 5 μm. 
 
Following the addition of doxycycline, the exogenous expressed INCENP class 1 
(INCENPOFF:TrAP-INCENPWT) is sufficient to rescue the life of the conditional cell 
line with a proliferation rate similar to wild-type or INCENPON cells (Fig. 4-9A). 
Immunoblots confirmed that the clone selected for study is stably expressing 
INCENP class 1 at a level close to the endogenous wild-type INCENP class 1. The 
TrAP tag cloned in front of the INCENP class 1 ORF caused a minor size shift 
upward in the blots (Fig. 4-13B).  
 
Next, I sought to determine whether the exogenous INCENP can form a 
chromosomal passenger complex (CPC) with endogenous Aurora B, Borealin and 
Survivin. After depletion of the endogenous INCENP by addition of doxycycline, the 
cells were then arrested with nocodazole to enrich for transfected mitotic cells with 
centromere-localized chromosomal passenger complex subunits. I subsequently 
performed SBP pull-downs to confirm that the SBP-INCENP formed a complex with 
Aurora B, Borealin and Survivin in vivo (Fig. 4-10B-C, see below). 
 
I further examined SBP-INCENP expression by fluorescence microscopy. In 
agreement with previous observations, I have found that chicken TrAP-INCENPWT 
exhibits a distribution pattern typical of passenger proteins in the INCENP 
conditional knockout cells (Fig. 4-9B-D). In the absence of endogenous INCENP 
(INCENPOFF), from prophase to metaphase, TrAP-INCENPWT was present on 
centromeres (Fig. 4-9B-D) where it colocalized with Aurora B (Fig. 4-9B, see below 
for Borealin and Survivin). As mitosis proceeded through anaphase, the TrAP-
INCENPWT dissociated from centromeres and accumulated at the cleavage furrow 
and the midbody. Indeed, I have observed no difference in its localization relative to 
the endogenous protein, nor apparent interference with the function of the 
endogenous INCENP protein. Thus, in keeping with the rescue phenotype, the 
distribution of passenger proteins in rescued cells was indistinguishable from that of 
the control cells. Therefore, the expressed exogenous TrAP-INCENPWT can 
functionally replace the endogenous INCENP. These results validate my approach 
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and have permitted me to study the effect of INCENP structural mutants in a 
background where endogenous INCENP is essentially absent. 
 
4.2.5 Dissection of INCENP-Aurora B Interactions 
 
Within the chromosomal passenger complex, INCENP acts as a backbone to recruit 
Survivin and Borealin to its N-terminus, while Aurora B associates with its C-
terminus (see General Introduction above). 
 
Having established that ectopically expressed TrAP-INCENPWT could functionally 
replace endogenous INCENP that had been efficiently depleted by addition of 
doxycycline. I was now able to conduct in vivo experiments in which INCENP would 
be replaced by various structural mutants so as to visualize the role of INCENP in 
directing the function and formation of the CPC during mitosis. 
 
Studies to date have concentrated on the precise role of each CPC subunit in 
localizing the complex and in CPC formation. The recent detailed structural analysis 
of the INCENP-Survivin-Borealin ternary complex greatly improves our 
understanding of interactions within the CPC (Jeyaprakash et al. 2007). This 
important study clearly demonstrated that the N-terminus of both Borealin (residues 
10–109) and INCENP (residues 1–46) together with full length Survivin form the 
core CPC interaction.  These subunits are essential for targeting of the CPC to 
centromeres in early mitosis from prophase to metaphase, (see above). Through a 
series of elegant site-direct mutagenesis and RNAi experiments, the Jeuaprakash et al. 
study highlighted that the correct centromere targeting of the CPC essentially requires 
the proper binding and folding of Survivin and Borealin to the INCENP N-terminus.  
Without Survivin and Borealin binding to INCENP, the CPC cannot localize to any of 
its correct cellular sites.  This implies that Aurora B located at the C-terminus of 
INCENP may have additional roles in directing CPC function and localization rather 















Figure 4-10. Generation of INCENP Structural Mutants to Dissect 
INCENP-Aurora B Interactions 
 
A. Schematic representation of the main domains of INCENP. Sequence alignment 
of the INCENP IN-box indicates that there are four key residues highly conserved 
across different species.  These are indicated by asterisks at the top. Red arrows 
point to the key residues being mutated in the study and stably expressed in the 
INCENP conditional knockout cell line (see below).B-C. INCENP conditional 
knockout cells were transfected with SBP-tagged INCENP mutants followed by 
immunoprecipitation using anti-SBP antibodies. B. Immunoblots of the whole cell 
extracts from different cell lines. C. SBP pull down experiments from different 
mutants cell line, Immunoblots revealed the composition of different sub-complexes 
in vivo in the absence of endogenous INCENP. While TrAP-INCENPWT forms a 
complex with Aurora B, Survivin and Borealin in vivo, TrAP-INCENPW766Gfailed to 
bind to Aurora B efficiently, but retained binding to Survivin and Borealin in vivo. Both 
the TrAP-INCENPF802A and TrAPINCENPTS814A/S815A mutants retain the ability to bind 
Aurora B, Survivin and Borealin (see also below for a detailed analysis of each 
mutant). C18 for wild type clone 18, WCE for whole cell extract. D-G. 
Immunofluorescence images showing INCENPOFF: TrAP INCENPWT (D) and 
INCENPOFF:TrAP INCENPMutants cells (INCENPOFF:TrAP INCENPW766G(E), 
INCENPOFF:TrAP INCENPF802A(F), INCENPOFF:TrAP INCENPTAA(G))stained with 
specific antibodies recognizing Aurora B (green) and SBP-INCENP (red) plus DAPI 
for DNA (blue). In the INCENPOFF:TrAP INCENPW766G(E) cells, Aurora B spreads 
around the whole cells, and INCENP(red) still locolcalized in the centromere 
region(see also Fig.4-10I). H-K. Immunofluorescence images showing INCENPOFF: 
TrAP INCENPWT (H) and INCENPOFF:TrAP INCENPMutants cells (INCENPOFF:TrAP 
INCENPW766G(I), INCENPOFF:TrAP INCENPF802A(J), INCENPOFF:TrAP 
INCENPTAA(K))stained with specific antibodies recognizing centromere marker-
CENP-A (green) and SBP-INCENP (red) plus DAPI for DNA (blue). Images 
demonstrated that all the INCENP proteins localized in the centromere regions of the 
mitotic chromosomes. All these cells were harvested from the SBP-pull down 
experiment where cells were treated with Nocodazole for 10 hours, and doxycycline 
for 28 hours. All the cells for this experiment were harvested and fixed at the same 
time. Images were taken using precisely the same microscope setting. 
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Previous in vitro studies clearly demonstrated that Aurora B binds to INCENP 
via a small fragment, called IN-box, located in its C-terminus (Adams et al. 2000; 
Bishop and Schumacher, 2002; Bolton et al. 2002; Honda et al. 2003, Sessa et al. 
2005). It has emerged that the activation of Aurora B by INCENP is a two-step 
mechanism in which INCENP binding partially activates Aurora B. Full activation 
requires phosphorylation of a conserved Thr-Ser-Ser (TSS) motif near the C terminus 
of INCENP (residues 813-815) (Bishop and Schumacher, 2002; Bolton et al., 2002; 
Honda et al., 2003, Sessa et al. 2005). However, the significance of this interaction 
has never been clearly revealed at the cellular level. Thus, in order to dissect this two-
step model of activation so as to understand the role of Aurora B in contributing to 
the localization of the CPC and interactions between CPC subunits, I engineered a 
series of structural mutants in the IN-box of INCENP in order to study their 
biological effects (Fig. 4-8A).  
 
My mutagenesis strategy was based on the premise that the mutations were 
studied in the context of full length INCENP using proteins expressed in vivo in the 
absence of wild type INCENP. My targeted INCENP structural mutants would be 
expected to (1) disrupt the INCENP-Aurora B interaction in vivo; (2) be able to 
maintain the binding but abolish the Aurora B activation by INCENP; (3) assess the 
biological significance of the phosphorylation of the INCENP TSS motif by Aurora 
B. Sequence analysis revealed that only four residues in chicken INCENP IN-box755–
812 are fully conserved: Glu756, Trp766, Pro783, and Phe802 (Fig. 4-10A). Thus, I 
narrowed down my targets for mutagenesis to several key residues plus the TSS motif 
located in the INCENP IN-box. I first generated a pool of cell lines stably expressing 
INCENP IN-box mutants (data not shown).  Strikingly, mutations of the residues 
Trp766 (TrAP-INCENPW766G ), Phe802 (TrAP-INCENPF802A) and TSS motif (TrAP- 
INCENPTS814A/S815A) initially turned out to affect cell viability and show intriguing 
phenotypes (see below) after the shut-off of endogenous INCENP. In contrast, other 
mutants (data not shown) or the control INCENP wild-type/WT grows perfectly 
normal in the presence or absence of endogenous of INCENP (see below). Thus, my 
efforts focused on elucidating the biological significance of the three INCENP 
mutants that yielded strong phenotypes. 
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Next, INCENP conditional cell lines stably expressing the above-mentioned mutants 
were isolated for further analysis. Clones were selected on the basis that they 
expressed levels of INCENP protein similar to those in wild-type DT40 cells as 
determined by immunoblotting (see below). In the presence of endogenous INCENP, 
these mutants grow as normally as the control cells. Furthermore, all of the 
endogenous passenger proteins localized correctly and showed their typical dynamic 
localization (data not shown).  This indicates that these mutants did not exert any 
detectable dominant negative effects in the cells. All these mutants were expressed in 
a plasmid carrying the His-SBP-S TrAP tag. These tagged proteins proved to be 
suitable for further biochemical analysis (see above).  
 
I next performed SBP pull-downs of cell extracts under the INCENPOFF 
conditions (plus doxycycline) in an attempt to understand how these mutants affected 
the interactions with other passengers, and particularly their association with Aurora 
B. The results indicated that the TrAP-INCENPW766G mutant seriously disrupted the 
interaction of INCENP-Aurora B, whereas, TrAP-INCENPF802A and TrAP-
INCENPTS814A/S815A (Fig. 4-10B-K) were still able to bind to Aurora B, and formed an 
intact CPC with Survivin and Borealin (see Fig. 4-10C). Thus, the Trp766 site is a 
key residue required for proper association of Aurora B with INCENP (Fig. 4-10B-C, 
and Fig.4-10E).  The importance of residue Phe802 and the TSS motif will also be 











Figure 4-11. Measurement of the Levels of H3S28ph and H3T3ph in 
INCENP IN-Box Mutants 
A-D. Immunofluorescence images showing INCENPOFF: TrAP INCENPWT (A) and 
INCENPOFF:TrAP INCENPMutants cells (INCENPOFF:TrAP INCENPW766G(B), 
INCENPOFF:TrAP INCENPF802A(C), INCENPOFF:TrAP INCENPTAA(D))stained with 
specific antibodies recognizing H3T3ph (green) and H3S28ph (red) plus DAPI for 
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DNA (blue). All the cells for this experiment were harvested and fixed at the same 
time. Images were taken using precisely the same microscope setting. Level of 







Figure 4-12. Quantitative Measurement of the Level of H3S10ph in 
INCENP IN-Box Mutants 
 
A-D. Immunofluorescence images showing INCENPOFF: TrAP INCENPWT (A) and 
INCENPOFF:TrAP INCENPMutants cells (INCENPOFF:TrAP INCENPW766G(B), 
INCENPOFF:TrAP INCENPF802A(C), INCENPOFF:TrAP INCENPTAA(D))stained with 
specific antibodies recognizing H3S10ph (green) plus DAPI for DNA (blue). All the 
cells for this experiment were harvested and fixed at the same time. Images were 
taken using precisely the same microscope setting. Level of Aurora B kinase activity 
is estimated by the level of H3S10ph. Scale bar, 5 μm. E-G. Quantitative analysis of 
Aurora B kinase activity by H3S10ph level in INCENP mutants, H3T3ph is used as a 
control for H3S10ph activity, and the specifity of H3S10ph regulated by the Aurora B 
kinase.  E-E’. Estimation of Aurora B activity using Western Blot. E’ Annotated 
Diagram for the Estimation of Aurora B activity based on the level of H3S10ph from 
LiCor Assay (see panel F). F-F’. Quantitation of Aurora B activity based on the 
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level of H3S10ph using LiCor assay(F). F’. Comparison of Aurora B protein levels 
versus loading control a-tubulin in each loading samples. G. Mitotic Index of each 
































4.2.5.1 Interaction between INCENP-Aurora B is  
Required for the Core CPC Sub-complex Consisting  
of INCENP-Survivin-Borealin to Transfer to the  
Spindle Midzone                                             
 
Being able to specifically disrupt the interaction between Aurora B and INCENP in 
vivo, I started the characterization of the non-binding TrAP-INCENPW766G mutant in 
the INCENP-null background. Notably, TrAP-INCENPW766G is still able to bind 
Survivin and Borealin (Fig. 4-10B-C and Fig.4-10E). Microscopy observations 
revealed that the INCENP-Survivin-Borealin subcomplex was still able to localize to 
centromeres in early mitosis (Fig. 4-16A-B), but was not able to transfer to the central 
spindle (Fig. 4-16).  In contrast, Aurora B failed to target to any of its normal 
locations and was dispersed throughout the cells (Fig. 4-15F). In addition, the kinase 
activity of AuroraB also decreased significantly as determined by the staining for the 
Aurora B activity markers H3S10ph and H3S28ph (Fig.4-11, Fig.4-12A-G and Fig.4-
14B).  This supports the notion that interaction between INCENP and Aurora B is 
required for the activation of Aurora B (Bishop and Schumacher et al. 2002; Bolton et 
al., 2002; Honda et al., 2003, Sessa et al. 2005). Importantly, I demonstrated here that 
targeting of Aurora B to centromeres requires its association with the INCENP IN-
box. My data are consistent with results of a previous study (Jeyaprakash et al. 2007) 
reporting that INCENP-Survivin-Borealin form a core subcomplex important for the 
CPC to target to centromeres.  Here, we demonstrated that Aurora B kinase is not 
essential for the centromere targeting of the CPC.  Instead Aurora B kinase activity is 
required for the CPC to transfer to the spindle midzone (see below).  
 
In parallel with this experiment, I also measured the stability of the passengers 
following disruption of the interaction between Aurora B and INCENP.  Immunoblots 
indicated that after disruption of the INCENP-Aurora B interaction, the protein levels 
of Aurora B, Survivin and Borealin decreased gradually together with Aurora B 
kinase activity (Fig. 4-14B).  This result suggests that maintaining the complex in an 
intact form is essential for the overall stability of the passenger complex.    
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Figure 4-13. Initial Characterization of the TrAP-INCENPW766G Mutant 
A. Location of residue W766G in the crystal structure of INCENP IN-Box, crystal 
structure was model based on previous study (Sessa et al.2005) using software 
Pymol. B. Expression of TrAP-INCENPW766G in cells after the depletion of 
endogenous INCENP. cells were harvested every 12 hrs after the addition of 
doxycycline. Wild type DT40 cells and INCENPOFF cells expressing TrAP-INCENPWT 
are shown as controls. α-tubulin was used as a loading control. C. Growth curve of 
cells expressing TrAP-INCENPW766G. When endogenous INCENP was shut down by 
the by addition of doxycycline, exogenous TrAP-INCENPW766G could not rescue cell 
viability. D. Mitotic Index of wild type DT40, and INCENPOFF cells expressing either 
TrAP-INCENPWT or TrAP-INCENPW766G in the presence or absence of doxycycline.  
Statistics were scored from three independent experiments (500 cells were counted 
for each cell type at each time point). E-F. Quantitative analysis of binucleated (=2n) 
and multinucleated (>2n) cells  (F). Cells were stained with antibodies to Aurora B, 
microtubules or DAPI for DNA (images not shown). Experiments were performed at 




Figure 4-14. CPC plays an Important Role in Spindle Bipolarity, 
furthermore, the Formation of an Intact CPC is Required for the Protein 
Stability of the Whole Complex 
 
 
A. Quantitation of mitotic cells with multiple (>2) spindle poles. Mitotic cells stained 
with antibodies to Aurora B, microtubules or DAPI for DNA (images not shown).  At 
least 200 mitotic cells were counted at each time point after addition of doxycycline. 
B. Levels of Aurora B, Survivin, Borealin and H3S10ph in the INCENPOFF cells 
expressing TrAP-INCENPW766G. Cells were harvested every 12hrs after the addition 
of doxycycline. α-Tubulin was used as a loading control. 
 
I next sought to investigate how the overall cell morphology is affected when 
INCENP-Aurora B interactions are disrupted. Quantitative analysis indicates that 
interaction of Aurora B and INCENP is essential for cell viability.  The INCENPOFF 
cells expressing TrAP-INCENPW766G ceased growth by 24 hr after the addition of 
doxycycline and ultimately died (Fig. 4-13C). The mutant cells appeared to be able to 
progress into mitosis as indicated by the mitotic index (Fig.4-13D). The mitotic index 
of the population of INCENPOFF cells expressing TrAP-INCENPW766G (~5-6%) was 
not significantly different from that of the control cells(~5%), indicating that in spite 
of the mitotic defects (see below), mitotic entry was not affected by disruption of the 
CPC. However, the mutant cells accumulated in prometaphase/metaphase and failed 
to progress to the later stages of mitosis (Fig.4-15A-D). The percentage of 
binucleated (=2n) and multinucleated (>2n) cells increased dramatically (Fig. 4-13E-
F), suggesting the mutant cells abruptly exit mitosis without finishing cytokinesis. 
Furthermore, I also performed measurements on spindle morphology in this mutant 
cell line. Mitotic cells with more than 2 spindle poles were also increased 
significantly in the mutant cells ((Fig. 4-14A). Together, the data shown above 
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suggested that the CPC is not required for mitotic entry, but is required for proper 
chromosome segregation.   
 
 
Figure 4-15. Disruption of the Interaction between Aurora B and INCENP 
Causes Mislocalization of Aurora B and INCENP Fails to Transfer to the 
Spindle Midzone 
 
A-D. Distribution of mitotic phases (A. Prometaphase and Metaphase, B. Anaphase, 
C. Telophase, D. Cytokinesis) in INCENPOFF cells expressing TrAP-INCENPW766G 
after doxycycline treatment.  Wild type and cells expressing TrAP-INCENPWT were 
used as controls throughout these experiments. Time points were taken at 0, 12, 24, 
36, and 48 hrs after the addition of doxycycline. Mitotic cells stained with antibodies 
to Aurora B or microtubules plus DAPI for DNA were scored in triplicate (at least 200 
mitotic cells were counted at each time point after addition of doxycycline). E. Model 
of chromosomal passenger complex formation in the INCENPOFF cells expressing 
TrAP-INCENPW766G. Level of Aurora B activity is estimated based on level of 
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H3S10ph staining. F. Phenotypic analysis of INCENPOFF cells expressing TrAP-
INCENPW766G . In the absence of endogenous INCENP, the TrAP-INCENPW766G 
mutant does not bind to Aurora B.  Aurora B mislocalizes and spreads diffusely 
throughout the whole cell where INCENP(red arrow)-Survivin-Borealin(see also 4-
16A-B) subcomplex stay in the centromeres. Cells were stained with antibodies to 
SBP for tagged INCENP (purple) or endogenous Aurora B, (green), plus DAPI for 
DNA (blue). Scale bar is 5 μm.  
 
 
   
 
Figure 4-16. Disruption of the Interaction between Aurora B and INCENP 
Causes the Core CPC Consisting of INCENP-Survivin-Borealin to Fail to 
Transfer to the Spindle Midzone 
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A-B. TrAP-INCENPW766G localizes to centromeres with together with Survivin (A) and 
Borealin (B) in early mitosis, however, the INCENP-Survivin-Borealin subcomplex 
fails to transfer to the spindle midzone during anaphase. Cells were stained with 
antibodies to SBP for tagged INCENP (purple) or endogenous Survivin or Borealin 
(green), plus DAPI for DNA (blue). Scale bar is 5 μm.  
 
 
4.2.5.2 Activation of Aurora B by INCENP is Essential  
for the Dynamic Movement of CPC during the  
Metaphase-Anaphase Transition 
 
As shown above, both IN-box mutants, TrAP-INCENPF802A and TrAP- 
INCENPTS814/S815A, are still able to interact with Aurora B in vivo. I did notice a small 
reduction in Aurora B binding to TrAP-INCENPF802A, however, observation of the 
microscope images reveals that INCENP and Aurora B did still co-localize with each 
other in the cells (Fig 4-8B, and Fig.4-18F). Further in vivo binding experiments 
indicated that INCENP also continued to interact with Survivin and Borealin (Fig.4-
8C and Fig.4-19). Thus, the overall formation of the chromosomal passenger complex 
is not disrupted by the INCENPF802A mutation (see below for localizations of the 
mutant protein). Here, I will focus on the phenotypic analysis of TrAP-INCENPF802A. 
 
I next assessed the kinase activity of Aurora B by staining the mutant cells with 
antibodies recognizing the Aurora B activity markers H3S10ph and H3S28ph, as well 
as the Haspin kinase activity marker H3T3ph as a control. Although TrAP- 
INCENPF802A does not disrupt the interaction between Aurora B and INCENP, it does 
significantly decrease the kinase activity of Aurora B, as determined by staining with 
the H3S10ph and H3S28ph antibodies (Fig. 4-11, Fig.4-12 and Fig. 4-15C, lower 
panel). Thus, Phe802 in the INCENP IN-box is a key residue required for the 
activation of Aurora B when complexed with INCENP. 
  
I next performed a full phenotypic analysis of cells expressing TrAP-INCENPF802A in 
a background depleted of endogenous INCENP.  This phenotypic analysis revealed 
that while TrAP-INCENPF802A was expressed in the otherwise INCENP-null 
background, Aurora B and the other passengers were all able to localize to 
centromeres in early mitosis.  However, all of the passengers failed to transfer to the 
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spindle midzone during anaphase (Fig.4-18F and Fig.4-19). Immunoblots revealed 
that expression of TrAP-INCENPF802A resulted in the protein levels of Survivin, 
Borealin were gradually falling, whereas, in this case, Aurora B level seems less 
sensitive, suggesting that while the formation of passenger complex remains intact, 
although Aurora B kinase activity reduces, the protein level of Aurora B appears to be 
more resistant to degradation comparing to protein levels of Survivin and Borealin. 
This is also the case for TrAP-INCENPTS814AS815A(see below).  
 
Investigation of overall cell morphology and viability in the INCENPOFF cell line 
expressing TrAP-INCENPF802A reveals cellular defects similar to those seen in cells 
expressing the TrAP-INCENPW766G mutant.  This supports the conclusion that full 
activation of Aurora B by INCENP is a key factor for normal mitotic progression. 
INCENPOFF cells expressing TrAP-INCENPF802A share a similar mitotic index with 
control cells (Fig.4-13E). In addition, a certain percentage of INCENPOFF cells 
expressing TrAP-INCENPF802A appeared to reach metaphase normally.  Nonetheless, 
chromosome segregation failed and cells accumulated in early mitosis (in 
prometaphase/metaphase, Fig. 4-18A-D). Ultimately, these cells exit mitosis, but fail 
to complete cytokinesis, resulting in a high percentage of interphase cells that are 
either binucleated (=2n) or multinucleated (>2n) (Fig. 4-17F-G). Although the CPC 
apparently remained intact, fully active Aurora B kinase appeared to be critical to 
maintain proper spindle morphology.  This was indicated by the observation that 
INCENPOFF cells expressing INCENPF802A displayed an accumulation of mitotic cells 




Figure 4-17. Initial Characterization of the INCENPF802A Mutant 
A. Location of residue Phe802 in the crystal structure of the INCENP IN-Box. B. 
Growth curve of INCENPOFF cells expressing the TrAP-INCENPF802A mutant. When 
endogenous INCENP is gradually shut off by the addition of doxycycline, exogenous 
TrAP-INCENPF802A  cannot rescue cell viability. C. Expression of TrAP-INCENPF802A 
in cells in the absence of endogenous INCENP. Cells were harvested every 12 hrs 
after the addition of doxycycline. Wild type DT40 cells and INCENPOFF cells 
expressing TrAP-INCENPWT were used as controls. D. Levels of endogenous  
Aurora B, Survivin, Borealin and H3S10ph in INCENPOFF cells expressing TrAP-
INCENPF802A. Cells were harvested every 12hrs after the addition of doxycycline. α-
Tubulin was used as a loading control.  E. Mitotic Index of wild type cells, and 
INCENPOFF cells expressing either TrAP-INCENPWT or TrAP-INCENPF802A in the 
presence or absence of doxycycline.  Statistics were scored from three independent 
experiments (500 cells were counted for each cell type at each time point). F-G. 
Quantitative analysis of binucleated cells (=2n - E) and multinucleated cells (>2n - F). 
Cells were stained with antibodies for Aurora B and, microtubules plus DAPI for DNA 
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(Images not shown). Experiments were performed at least three times (500 cells 
were counted for each cell type at each time point).  
 
Figure 4-18. Activation of Aurora B by INCENP is Essential for Cell 
Division 
 
A-D. Distribution of mitotic phases (A. Prometaphase and Metaphase, B. Anaphase, 
C. Telophase, D. Cytokinesis) in INCENPOFF cells expressing TrAP-INCENPF802A 
after doxycycline treatment. Wild type DT40 cells and INCENPOFF cells expressing 
TrAP-INCENPWT were used  as controls in all experiments. Time points were taken 
at 0, 12, 24, 36, and 48 hrs after the addition of doxycycline. Mitotic cells stained for 
with antibodies for Aurora B and microtubules plus DAPI for DNA were scored in 
triplicate (at least 200 mitotic cells were counted at each time point). E. Model of 
chromosomal passenger complex formation in the INCENPOFF cells expressing 
TrAP-INCENPF802A. F. Phenotypic analysis of INCENPOFF cells expressing the TrAP-
INCENPF802A mutant by immunofluoresence. In the absence of endogenous 
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INCENP, the TrAP-INCENPF802A mutant still binds to Aurora B (see also Fig. 8B).  
Aurora B localized to centromeres but failed to transfer to the spindle midzone during 
anaphase. Cells were stained with antibodies to SBP for tagged INCENP (purple) 
and endogenous Aurora B , plus DAPI for DNA (blue). (see also Fig. 15). G. 
Quantitation of mitotic cells with multiple spindle poles (>2). Cells stained with 
antibodies against  Aurora B and microtubules plus DAPI for DNA were scored in 




Figure 4-19. Activation of Aurora B by INCENP is Required for Survivin 
and Borealin to Transfer to the Spindle Midzone 
 
 
A-B. The TrAP-INCENPF802A mutant binds to Aurora B throughout mitosis (see also 
Figs. 8B 14F). In cells expressing this mutant, Survivin (A) and Borealin (B) 
colocalized with INCENP at centromeres, but the INCENP-Survivin-Borealin 
subcomplex failed to transfer to the spindle midzone during anaphase. Cells were 
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stained for anti bodies to SBP for tagged INCENP (purple), to endogenous Survivin 






4.2.5.3 Phosphorylation of the INCENP TSS Motif by  
Aurora B is Essential for Cell Division 
 
INCENP modulates changes in Aurora B activity via two distinct mechanisms. First, 
the INCENP IN-box interacts with Aurora B.  This allows INCENP to impart an 
intermediate level of activity on Aurora B kinase.  Second, the partially active Aurora 
B phosphorylates INCENP at its C-terminal TSS motif.  This step further enhance 
Aurora B activity in a feed-back loop and finally generates a fully active Aurora B 
kinase able to execute its mitotic functions (Bishop and Schumacher, 2002; Honda et 
al., 2003; Sessa et al. 2005). I have dissected the molecular mechanism of the first 
step of Aurora B interaction and activation by INCENP (see above). 
  
Here, I will explore the biological significance of the feedback loop involving the 
phosphorylation of the INCENP TSS motif by Aurora B in vivo. Sequence analysis 
indicated that the TSS motif is highly conserved among vertebrates, whereas 
invertebrates (D. melanogaster and C. elegans) feature an SS motif without the initial 
“T”. I speculated that the SS motif in vertebrate INCENP might correspond to the 
most important residues phosphorylated by Aurora B. That is why I constructed the 
mutant TrAP-INCENPTS814AS815A for further characterization. I will simply refer the 
TrAP-INCENPTS814AS815A as “TrAP-INCENP C1 TAA” or “TrAP-INCENP Class 
TAA” in the following description. 
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Figure 4-20. Role of the INCENP TSS Motif in Regulating Aurora B 
Activity in vivo 
 
A. Growth curve of INCENPOFF cells expressing the TrAP-INCENPTS814A/S815A mutant. 
When endogenous INCENP was gradually depleted following the addition of 
doxycycline, exogenous TrAP-INCENPTS814A/S815A mutant can not ultimately rescue 
cell viability. B. Expression of TrAP-INCENPTS814A/S815A in cells in the absence of 
endogenous INCENP. Cells were harvested every 12 hrs after the addition of 
doxycycline. Wild type DT40 cells and INCENPOFF cells expressing TrAP-INCENPWT 
were used as controls. C. Mitotic Index of wild type DT40 and INCENPOFF cells 
expressing TrAP-INCENPWT or TrAP-INCENPTS814A/S815A in the presence or absence 
of doxycycline.  Statistics were scored from three independent experiments (500 
cells were counted for each cell type at each time point). D-E. Quantitative analysis 
of binucleated cells (=2n - D) and  multinucleated cells (>2n - E). Cells were stained 
with antibodies recognizing Aurora B or microtubules plus DAPI for DNA (images not 
shown). Experiments were performed at least three times (500 cells were counted for 





I have demonstrated that the phosphorylation mutant TrAP-INCENPTS814A/S815A did 
not disrupt the interaction between INCENP and Aurora B within the CPC in vivo 
(Fig. 4-8B-C). However, the phosphorylation of the INCENP TSS motif is essential 
for cell viability (Fig. 4-20B).  This suggests that a fully active Aurora B is crucial for 
cell viability. Phenotypic analysis on the INCENPOFF cells expressing TrAP-
INCENPTS814A/S815A revealed that INCENP, Aurora B, Survivin and Borealin 
localized properly at centromeres from prophase to metaphase (Fig. 4-22F and Fig. 4-
23A-B).  When cells progressed to the later stages of mitosis, The CPC was able to 
transfer to the spindle midzone and concentrate on midbody.  However, this 
localization was with slightly diffuse, particularly for Survivin and Borealin 
comparing to the control cells (Fig.4-9F and Fig.4-23A-B). Whether this observation 
represents a defect during CPC transfering to central spindle still requires further 
investigation.  Assessment of the Aurora B activity by staining with antibody to 
H3S10ph and H3S28ph suggested that there was indeed a partial decrease in Aurora 
B activity (Fig.4-11, Fig.4-12 and Fig. 4-21A-B). This in vivo observation is in 
agreement with results previous studies in human, Xenopus and C. elegans (Bishop 
and Schumacher, 2002; Bolton et al., 2002; Honda et al., 2003, Sessa et al. 2005), 
suggesting that phosphorylation of INCENP on its TSS motif by Aurora B is required 

















Figure 4-21. The INCENP TSS Motif is Required for Stability of Borealin 
and Survivin in vivo 
A. Levels of endogenous Aurora B, Survivin, Borealin and H3S10ph in 
INCENPOFFcells expressing TrAP-INCENPTS814A/S815A. Cells were harvested every 
12hrs after the addition of doxycycline. α-Tubulin was used as a loading control. B. 
Comparison of the levels of H3S10ph in INCENPOFF cells expressing TrAP-
INCENPTS814A/S815A or TrAP-INCENPW766G. Aurora B levels are shown as a control. C. 
Quantitation of mitotic cells with multiple (>2) spindle poles. Mitotic cells stained with 
antibodies for Aurora B and microtubules plus DAPI for DNA were scored in triplicate 
(at least 200 mitotic cells were counted at each time point). 
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Figure 4-22. Maximization of Aurora B Kinase Activity by 
Phosphorylation of INCENP on TSS Motif is Required for Completion of 
Cell Division 
 
A-D. Distribution of mitotic phases (A. Prometaphase and Metaphase, B. Anaphase, 
C. Telophase,  D. Cytokinesis) in INCENPOFF cells expressing TrAP-
INCENPTS814A/S815A after doxycycline treatment. Wild type DT40 and INCENPOFF cells 
expressing TrAP-INCENPWT were used as controls in all experiments. Time points 
were taken at 0, 12, 24, 36, and 48 hrs after the addition of doxycycline. Cells 
stained with antibodies for Aurora B and microtubules plus DAPI for DNA were 
scored in triplicate (at least 200 mitotic cells were counted at each time point). E. 
Model of chromosomal passenger complex formation in the INCENPOFF cells 
expressing TrAP-INCENPTS814A/S815A. Levels of Aurora B activity are estimated based 
on H3S10ph levels. F. Phenotypic analysis of INCENP TAA mutants by 
immunofluoresence. In the absence of endogenous INCENP, the TrAP-
INCENPTS814A/S815A mutant still binds to Aurora B (see also Fig. 4-8B).  Aurora B is 
able to transfer to the spindle midzone during anaphase in these cells. Cells were 
stained with antibodies to SBP-tagged INCENP (purple) and endogenous Aurora B 
(green) plus DAPI for DNA (blue). Scale bar is 5 μm.  
 
I went on to monitor how this decrease in Aurora B activity would affect the 
stabilities of the passengers within the complex. Indeed although Aurora B in the 
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complex was partially activated by INCENP, this is still not enough to maintain the 
stabilities of Survivin and Borealin (Fig. 4-21A).  Collectively, this together with data 
from the two previous INCENP mutants presented above confirmed the notion that 
Aurora B full activity may not be essential for targeting the core subcomplex 
INCENP-Survivin-Borealin targeting to centromeres.  The regulation of Aurora B 
kinase activity is essential for cell viability (see below). 
 
 




A-B. In INCENPOFF cells expressing TrAP-INCENPTS814A/S815A, Survivin (A) and 
Borealin (B) colocalized with the INCENP mutantat centromeres.  As the cells 
progressed to anaphase, the INCENP-Survivin-Borealin subcomplex was able to 
transfer to the spindle midzone with a slight apparent delay, possibly due to 
insufficient activation of Aurora B. Cells were stained with antibodies to SBP for 
tagged INCENP (purple) antibodies to endogenous Survivin or Borealin (green), plus 
DAPI for DNA (blue). Scale bar is 5 μm. 
 
I also performed a quantitative analysis to uncover subtle phenotypes caused by this 
non-phosphorylated mutant. Interestingly, the INCENPOFF cells expressing TrAP-
INCENPTS814A/S815A died slightly slower than INCENPOFF cells expressing the  
Aurora B non-binding mutant TrAP-INCENPW766G.Further quantitation demonstrated 
that the TrAP-INCENPTS814A/S815A mutant affected the completion of proper 
chromosome segregation and mitotic progression, as indicated by the number of cells 
accumulating in early mitosis (in prometaphase and/or metaphase).  This was 
accompanied by a gradual decrease in cells in late mitosis, particularly in cytokinesis 
(Fig. 4-22A-D).  It was consistent with the observation that the percentage of 
binucleated and multinucleated interphase cells increased dramatically (Fig. 4-20E-
F). The fraction of mitotic cells with ectopic spindle poles (>2) also increased over 
the course of the experiment (Fig. 4-21C).Together, these results suggest the 
important conclusion that interactions of the partially active Aurora B with INCENP 
allow the CPC to transfer to the spindle midzone.  However, the activity of the CPC is 
not sufficient to ensure that the cell division machinery functions effectively and 
accurately to maintain cell viability without the final step of activation of Aurora B by 
phosphorylation of the INCENP TSS motif.  
 
Aurora B is an essential component required for a functional spindle checkpoint 
during chromosome segregation (see Introduction above). In this sense, a partially 
active Aurora B may also represent a partially functional spindle checkpoint. If errors 
occur during cell division without being monitored by an active and effective spindle 
checkpoint, it is possible that the accumulation of mitotic errors gradually leads to a 
failure of the mitotic machinery to function, ultimately leading to cell death. This 
could also be one key reason why TrAP-INCENPW766G and INCENPF802A fail to 
rescue viability in INCENPOFF cells. 
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4.3. Discussion  
4.3.1 INCENP is an Essential Regulator that 
Directs Chromosome Segregation 
 
INCENP was the first passenger protein to be identified in any species (Cooke et al. 
1987). Studies of INCENP function using RNAi in other organisms have indicated 
that INCENP plays a crucial role in the success of cell division. However, its 
pleiotropic functions in mitosis have yet to be fully elucidated. RNAi is a very 
powerful technique, however, the lengthy gradual knockdown of the protein in RNAi 
studies may allow aberrant events to occur as the protein concentration gradually 
diminishes. In addition, traces of endogenous protein left in RNAi experiments might 
also prevent us from understanding the some specific functions of the protein of 
interest or studying of its structural mutants. And this might also prevent the 
observation of a more drastic phenotype. Thus, we chose the sophisticated vertebrate 
DT40 cell system to explore the passenger functions. DT40 cells offer a high level of 
homologous recombination - close to that of budding yeast.  Mitosis in DT40 cells is 
the physiologically similar to that in other vertebrates, with condensed mitotic 
chromosomes that are easily visualized by light microscopy. Indeed, functional 
analysis of kinetochore proteins in DT40 cells has greatly improved our 
understanding of kinetochore assembly and functions in guiding chromosome 
segregation.  
 
Following the identification of chicken Aurora B, Borealin/ Dasra B and Dasra 
A, I have now begun to address the essential functions of the conserved chromosomal 
passenger complex in directing cell division using the DT40 gene disruption system. 
In order to investigate the specific role of INCENP in regulating cell division, or 
more precisely, its role in guiding the chromosomal passenger complex in mitosis, 
our laboratory has made concentrated efforts to generate an INCENP conditional 
knockout cell line using their recently developed promoter hijack technique.  This 
allowed us to disrupt INCENP function effectively and efficiently, and to observe the 
phenotypes caused by the loss of INCENP.  These experiments allowed me to dissect 
INCENP function in much greater detail. 
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Here, I have demonstrated that accurate cell division requires coordination of 
spindle dynamics, chromosome segregation and cell cleavage and that INCENP 
integrates these diverse processes. INCENP is required for cytokinesis and 
chromosome congression. Cells without functional INCENP do not efficiently align 
their chromosomes and subsequently fail to progress to the later stages of mitosis.  
These cells exit from cell division without cytokinesis, leading to the formation of 
multinucleated cells. INCENP, and is the CPC are required for mitotic progression.  
More precisely, the CPC may be required for anaphase B entry (see below).  
Obviously, the CPC is not required for mitotic entry.  Consistent with previous 
studies, the disruption of INCENP function resulted in the displacement of all other 
CPC members from the centromere at prometaphase, as well as the central spindle 
and midbody during anaphase and cytokinesis, respectively. In addition to its role in 
stable formation of the CPC, INCENP is required for the stability of Survivin, 
Borealin and Aurora B stability. Interestingly, the stability of Aurora B seems less 
sensitive in response to the depletion of Borealin (Gassmann et al. 2004), suggesting 
that although the localization and functions of the passengers are interdependent, the 
exact regulation of individual passenger stability within the complex still requires 
















4.3.2 INCENP is Required for Proper Spindle 
Structures 
 
Accurate chromosome segregation requires the strict coordination of correct 
centrosome replication to instruct the formation of a bipolar spindle, correct 
kinetochore-microtubule attachment to allow mitotic spindle force to evenly pull the 
sister chromatids apart and elongate.  Furthermore, a vigorous spindle checkpoint is 
required to monitor this process. The roles of INCENP in kinetochore function and 
cytokinesis are widely documented (reviewed in Ruchaud et al.2007 and references 
therein), but less is known about its role in spindle assembly and elongation in 
vertebrate cells. 
 
In this study, following the acute disruption of INCENP function, mitotic cells 
were able to align their chromosomes, to form nearly normal metaphase plates.  
However, INCENP-depleted cultures exhibited a steady increase in mitotic cells with 
ectopic poles in addition to otherwise normal appearing bipolar spindles.  This 
suggests that INCENP may be involved in the regulation of spindle assembly. These 
results are consistent with previous observations showing that Borealin is required to 
maintain the stability of bipolar spindles (Gassmann et al. 2004). 
 
The spindle checkpoint is a surveillance mechanism that monitors the bipolar 
attachment of chromosomes to the mitotic spindle. Sucessful cell division is 
monitored by this intrinsic cell-cycle checkpoint, which prevents the onset of 
anaphase until all sister chromatids have attained proper attachment to the mitotic 
spindle (Nicklas et al. 1997). Extensive studies have clearly demonstrated that Aurora 
B has a major role in the correction of kinetochore orientation defects in mitosis, and 
particularly in the resolution of syntelic (Tanaka et al., 2002; Hauf et al. 2003; 
Lampson et al. 2004) and merotelic attachments (Cimini et al., 2003). INCENP is an 
essential regulator of Aurora B kinase activity. In this sense, after removal of 
INCENP, spindle checkpoint signaling may not function properly to correct aberrant 
kinetochore-microtubule attachments due to the deficit of Aurora B kinase activity. 
As a result, mitotic spindle forces are probably unevenly spread throughout the 
spindle due to the improper and uncorrected kinetochore-microtubule interactions. 
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This may be one explanation for the defects in spindle structure observed in 
INCENPOFF cells.   
 
It is also very important to point out that the widely appearance of multiple 
spindle poles and increased number of multinucleated (>2n) interphase cells  in the 
INCENPOFF (see Fig. 4-2B’/B’’ and Fig.4-8C)and INCENP mutants cells (see Fig.4-
13E-F, Fig.4-14A, Fig.4-17F-G, Fig.18G, Fig.20D-E and Fig.4-21C) could also come 
from the secondary effects of the binucleated interphase cell(=2n) that undergo 
second round of mitosis. A live cell imaging experiment will need to perform to 
illustrate this phenotype is a primary defects or secondary defects. 
 
It is also worth noting that the number of centrosomes increased in the absence 
of INCENP.  It will be very interesting in the future to determine whether disruption 
of INCENP function would have a role in promoting abnormal centrosome 
duplication.  Alternatively, in the absence of functional INCENP, other kinases may 
disrupt centrosome organization, possibly causing premature splitting of centrosomes. 
 
Another important observation from this study is that INCENP is involved in 
the control of spindle elongation. Chromosomes are segregated by both chromosome-
to-pole movement and spindle elongation in anaphase B. INCENP disruption does not 
actually change the width of the dividing cells (see above), however, the distances 
between the poles of bipolar spindles became notably shorter than they are in the 
control cells. Control measurements indicated that the shorter spindle length observed 
in the INCENPOFF cells was not caused by the measurement of smaller cells, but that 
the actual spindle pole separation is shortened by the loss of INCENP.    
 
A recent study characterizing PLK1 inhibitors demonstrated that PLK1 activity 
at anaphase onset is necessary to allow the proper spindle elongation to occur, 
(Brenna et al. 2007). INCENP is an important known interactor and substrate of 
PLK1 in early mitosis.  Phosphorylation of INCENP by PLK1 at kinetochores plays a 
direct role in timing the metaphase-anaphase transition (Goto et al.2005). Activation 
of PLK1 requires phosphorylation of a conserved threonine residue (Thr 210) in the 
T-loop of the PLK1 kinase domain. Thus, this result may suggest that INCENP may 
contribute to spindle elongation via the regulation of PLK1 activity. 
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Another explanation for the observed defect in spindle elongation, as discussed 
above, may also come from the malfunctioned spindle checkpoint. Aurora B kinase 
activity is thought to be essential to resolve naturally occurring monopolar or syntelic 
KM attachments (Tanaka et al, 2002; Lampson et al, 2004), when this misattachment 
continued without efficient correction in INCENPOFF cells, thus the microtbules could 
not catch the kinetochores properly and this may lead to the forces that are required to 
separate spindle poles were likely not strong enough to pull the chromosomes apart 
and this results in shorter distance of bipolar spindle poles. 
 
Together, the defects in spindle elongation appeared in INCENPOFF cells may 
also implying that INCENP or CPC function is an essential factor that contributes to 
















4.3.3 Intrinsic Modulation by INCENP-Aurora B 
Interaction Regulates the Transfer of the CPC to 
the Spindle Midzone  
 
Studies to date have concentrated on the precise mechanisms and contribution of 
each passenger in localizing the chromosomal passenger complex and how the 
complex directs the mitotic events. A great amount of information has sought to 
explain how the CPC is recruited to centromeres following the initial demonstration 
from our laboratory that the INCENP N-terminus was essential for centromere 
targeting (Mckay et al. 1998; Ainsztein et al. 1998). Previous efforts have clearly 
demonstrated that within the complex, the N-terminus of INCENP formed a 
subcomplex with the N-terminus of Borealin and full length Survivin (Klein et 
al.2006; Jeyaprakash et al. 2007). Here, we developed the INCENP conditional 
knockout complementation system to study the role of INCENP in directing CPC 
behavior. Endogenous INCENP was efficiently depleted and cells expressed an 
exogenous INCENP complementary DNA – either wild type or mutant (see above).  
As a result, all phenotypes observed reflect the activity of homogeneous mutant 
complexes in vivo, with no background of the wild-type INCENP protein. 
 
My in vivo data presented here identified interactions between INCENP and 
Aurora B that are essential for cell division. My study demonstrated the importance of 
the INCENP IN box in regulating Aurora B activity.  Here, I studied key residues in 
INCENP required for regulation of Aurora B activity in vivo.  
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Figure 4-24. Models for Intrinsic Regulation of CPC During Mitosis 
A. Summary of chromosomal passenger complex formation and passenger proteins 
(INCENP-Borealin-Survivin-Aurora B) localization in the INCENPOFF cells expressing 
TrAP-INCENPWT and TrAP-INCENPW766G, TrAP-INCENPF802A and  
TrAP-INCENPTS814AS815A. Levels of Aurora B activity is estimated correspondingly 
based on level of H3S10ph. B. INCENP-Aurora B sub-complex plays an important 
role in transfer of CPC to central spindle. Within CPC, INCENP-Borealin-Survivin 
sub-complex defines a centromere targeting functional sub-complex, where INCENP 
regulating Aurora B activity and maintaining Aurora B constantly active are required 
for the subsequent transfer from centromeres to central spindle, and keep cells alive 
(see test for details). C.  Proposed model for Aurora B functions during 
chromosomes segregation, active Aurora B within CPC is first required for a robust 
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spindle checkpoint, its main role is to correct inappropriate K-M attachments. While 
K-M properly attached and spindle checkpoint satisfied, sister chromatids starts to 
segregate, high Aurora B activity is required for the subsequent transfer of CPC from 
centromeres to central spindle. Models are prepared together with Bill Earnshaw. 
 
 
The novel result of this study was that disruption of INCENP-Aurora B 
interactions does not prevent a subcomplex composed of INCENP, Survivin and 
Borealin from targeting to the centromere.  However, Aurora B binding and 
activation by INCENP plays a direct role in guiding the transfer of the complex to the 
spindle midzone. Furthermore, a feed-back loop involving phosphorylation of 
INCENP at its TSS motif by Aurora B is essential for cell viability.  Surprisingly, the 
disruption of this feed-back loop by mutation of the TSS motif in INCENP to TAA 
does not prevent the eventual transfer of the passengers to the spindle midzone and 
midbody. Thus, this final step to maximize the activity of Aurora B is a critical 
function of INCENP.  
 
In my thesis, I have addressed how the passenger proteins are interdependent on 
each other. By introducing a series of INCENP IN box mutations so as to modulate  
Aurora B kinase activity at various levels, my data presented here implied that in 
vertebrate cells the kinase activity of Aurora B plays an essetial role in accurate 
chromosome segregation and cell viability. The regulation of INCENP protein level 
parallels with the levels of Aurora B, Survivin and Borealin. More importantly, my 
work reveals that the intrinsic modulation within the chromosomal passenger 
complex predominantly directed by the interactions between INCENP and Aurora B 
regulates the transfer of the complex to the spindle midzone and midbody. Thus, the 
data here together with a previous published study (Jeyaprakash et al. 2007) clearly 
lead us to revise an earlier model (Vader et al.2006).  That model, which used a the 
Survivin-INCENP fusion chimaera in an INCENP RNAi background to claim that 
Survivin is required for CPC targeting to centromeres and the spindle midzone is 
inaccurate. I reason that this chimaera mutant (Survivin-INCENP) could restore 
Aurora B localization and allow the CPC to transfer to the spindle midzone because 
the INCENP IN-box from that exogenous truncated mutant was still intact.  This 
allowed the correct interaction and regulation of the endogenous Aurora B activity by 
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INCENP. Nevertheless, the work did propose an essential involvement of Survivin 
and Borealin in CPC targeting to centromere. 
 
Together, the current study and the work performed by others (Vader et al.2006; 
Klein et al.2006; Jeyaprakash et al. 2007) have served to provide a model to resolve 
the enigma of the regulation of the dynamic localization of the CPC. I propose that 
the centromere and spindle midzone targeting of the complex involves two distinct 
intrinsic mechanisms (Fig.3-24). The INCENP N-terminus with Borealin and 
Survivin forms the CPC core centromere targeting subcomplex.  Aurora B is not 
essential for the centromere targeting of the CPC.  Instead, within the complex, The 
INCENP C-terminus and Aurora B form a distinct targeting subcomplex and this 
keeping the kinase active is required for the CPC to transfer to the spindle midzone 
Thus, together with previous efforts to understand the mechanism of CPC dynamic 
movement (Mackay et al., 1998; Ainsztein et al.1998; Jeyaprakash et al. 2007), 
correct transfer of the CPC to the spindle midzone requires the intact core centromere 
subcomplex formed by INCENP-Borealin-Survivin (Jeyaprakash et al. 2007), and 
this serves as an prerequisite event crucial for the transfer of CPC to the central 


































Over the past few years, studies have demonstrated that the chromosomal 
passenger complex (CPC) is a key component of the mitotic machinery that 
orchestrates crucial mitotic events including chromatin modification, ensuring correct 
kinetochore microtubule attachments, regulating sister chromatid cohesion and 
allowing the completion of cytokinesis. 
 
In order to study specific functions of the chromosomal passengers and to 
dissect the formation of the CPC in the sophisticated DT40 system, I started my study 
by “rebuilding” the passenger complex in chicken through identifying the previous 
missing members-Aurora B, Borealin/Dasra B and Dasra A in the chicken genome. 
Sequence analysis indicated that chicken Aurora B share a highly conserved kinase 
domain with Aurora B from other species. Albeit chicken Borealin/Dasra B shares 
only around 50% with the Human Borealin, the dynamic localization reveal that it is a 
typical passenger protein in mitosis. In vivo pull down experiments further confirmed 
that INCENP formed a conserved complex with Aurora B, Borealin and Survivin in 
the  DT40 cells. 
 
The generation of the INCENP conditional knockout cell line enables me to 
focus on the role of INCENP in mitosis and its specific roles in the formation of the 
complex. The work presented in this thesis has demonstrated that INCENP integrates 
the diverse processes of the coordination of spindle dynamics, chromosome 
segregation and cell cleavage that are required for accurate cell division. In order to 
understand the precise contribution of the INCENP-Aurora B subcomplex in 
localizing the CPC in vivo, I introduced a series of INCENP structural mutants into 
DT40 INCENP conditional knockout cells.  My in vivo data here reveal that the there 
is intrinsic modulation within chromosomal passenger complex directed by the 
interactions between INCENP and Aurora B regulating the transfer of the complex to 
the spindle midzone and midbody. Thus, the results reported here, together with 
previous published studies suggest that the CPC function involves two distinctly 
intrinsic mechanisms directed by two targeting sub-complexes within CPC.  INCENP, 
Borealin and Survivin form the core sub-complex for centromere targeting, while 
INCENP with Aurora B form a sub-complex that directs CPC transfer to the spindle 
midzone by modulating Aurora B activity. 
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In the future, it will be very important to carry on this study with a knockout that 
I initiated and characterize the series of Aurora B mutants that I made.  This will no 
doubt further improve our understanding of the influence of this core enzymatic 
subunit in directing mitotic events, particularly its role in maintaining the formation 
and stability of the CPC, its functions in the spindle checkpoint, and kinetochore-
microtubule dynamics.  
 
Another important future research question is also to ask whether there are 
multiple CPC subcomplexes containing members such as TD60, and Dasra A, and 
how exactly they act together as complex(es) in regulating mitosis. The study of 
INCENP and its complex functions in controlling multiple mitotic kinases has only 
just started and turns out to be highly promising and interesting.  Hopefully, the 
systems that I generated and presented here will help us in further understanding 
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